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ABSTRACT 
 
The objective of this study was to characterize the variability of dynamic modulus 
of asphalt mixes in South Carolina. High priority mixes Surface Type B, and C; 
Intermediate Type B and C and Base Type A from three different days of production were 
collected from two different contractors each having a different aggregate source. The 
dynamic modulus was measured using the Asphalt Mixture Performance Tester (AMPT) 
at temperatures of 40, 70, 100 and 130℉ (4.4, 21.1, 37.8, and 54.4℃) and at frequencies 
of 25, 10, 5, 1, 0.5, and 0.1 Hz. The dynamic modulus from the AMPT is then used to 
determine the fitted dynamic modulus value using the Hirsch prediction model. The 
principle of time temperature superposition was used to fit the obtained dynamic modulus 
values from the AMPT onto a master curve which yielded the fitted dynamic modulus that 
serves as an input variable in the PavementME. 
One-way ANOVA test was conducted on the dynamic modulus values from the 
AMPT to find its variability between production day, mix types and contractor. The results 
showed that there were significant differences in production day between the contractors. 
Based on variability in the mix type results, as expected, both contractors had similarities 
in their Intermediate mixes and Surface mixes. When both the contractors were compared 
on the mix type variability, Base A and both the Surface mixes had a trend of being similar 
at low temperatures and both the Intermediate mixes were significantly different between 
the contractors. 
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Similar one-way ANOVA was carried on the fitted dynamic modulus values and 
checked for variability in mix types and contractor. The results indicated no significant 
differences between the contractors for Intermediate mixes and Surface C and some, but 
little, variability in Base A and Surface B mix. Also, at higher temperatures (70, 100 and 
130oF) and lower frequencies, there was less variability between the mixes for a given 
contractor. At lower temperature, there were differences between Base and Surface B mix 
type for Contractor 2 but not in Contractor 1.  
The mix properties were used to analyze the influence of the results in the MEPDG 
and the results indicated that pavements made with materials from Contractor 1 performed 
better than Contractor 2 for same pavement section due to higher dynamic modulus at 
lower temperature. Additionally, there were no significant differences between surface 
mixes and intermediate mixes for a particular contractor source. Sensitivity analysis carried 
out on individual mix types from both contractors indicated similar trend in distress 
prediction. But the distress values for Contractor 1 was found to be lower than that of 
Contractor 2. This result was complimented by the better performance of Contractor 1 as 
seen in the other sensitivity analysis. 
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CHAPTER ONE 
INTRODUCTION 
 
1.1. Background 
 
Currently, the South Carolina Department of Transportation (SCDOT) uses the 
American Association of State Highway and Transportation Officials (AASHTO) 
regression equation methodology (1972 and later with modifications) for designing flexible 
and rigid pavements. Since the original AASHO procedure (1961) never accounted for 
very high volumes of trucks and advancements in materials, updates were made to the 1972 
version using South Carolina specific local calibration studies conducted at the University 
of South Carolina (U of SC) and Clemson University. Hence, the pavement design guides 
being used now for the design of flexible and rigid pavements are outdated and not 
necessarily accurate for certain current conditions. 
AASHTO released the first all-new pavement design method in 2008, the 
Mechanistic-Empirical Pavement Design Guide (MEPDG). The MEPDG provides for 
three hierarchical levels of design input (traffic, material property and climate) to best 
utilize the available input data and develop a more effective and long-lasting pavement 
design. The MEPDG methodology is based on pavement responses computed using 
detailed traffic loading, material properties, and environmental data. The responses are 
used to predict incremental damage (pavement distresses) over time.  
Implementation of the MEPDG is inhibited due to the necessary local calibration 
of various factors like traffic loading and materials. The dynamic modulus (|E*|) is one of 
the key inputs for flexible pavements in the MEPDG as it is a primary parameter employed 
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to evaluate both rutting and fatigue cracking distress predictions in the MEPDG. The |E*| 
is greatly influenced by factors like temperature, age of pavement and moisture. Therefore, 
a thorough characterization of asphalt dynamic modulus is critical to the design of flexible 
pavements using the MEPDG (Amirkhanian et al., 2018). 
1.2. Objective  
 
The primary objective of this research was to characterize the variability of 
dynamic modulus and its influence in the MEPDG for different asphalt mixes from two 
asphalt plants in South Carolina. This information was then used to develop a catalog of 
the typical values of dynamic modulus for different asphalt mixes in the state of South 
Carolina that could be used as inputs for the design of asphalt pavements using the 
MEPDG. 
1.3. Scope of Research 
 
To achieve the above-mentioned objectives, the first step of the research was to 
collect asphalt samples from two different contractors (Contractor 1 from Liberty, SC and 
Contractor 2 from Jefferson, SC) that were selected based on their aggregate source and 
location within different SCDOT districts. The mix types collected from each plant 
included Surface Type B and C; Intermediate Type B and C (B Special); and Base Type 
A. To get a better representation of the asphalt production, mix was sampled during three 
days of production, and it was made sure that consecutive days of production was avoided. 
QA/QC reports were collected for each day of production and Job Mix Formulas (JMF) 
were collected for each mix type.  
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Once the asphalt mix was collected from the plant, three specimens were prepared 
from each day of production and the dynamic modulus was measured using the Asphalt 
Mixture Performance Tester (AMPT) at temperatures of 40, 70, 100 and 130oF (4.4, 21.1, 
37.8, and 54.4oC) and at frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz. The time temperature 
superposition principle was used to fit the dynamic modulus obtained at different 
temperature and frequency into one single master curve which yields the fitted dynamic 
modulus. 
ANOVA was conducted both the dynamic modulus from AMPT and fitted dynamic 
modulus to compare the dynamic modulus of the mixtures between production days, mix 
type and contractor. A sensitivity analysis of the dynamic modulus results was then 
performed using AASHTOWare PavementME to analyze the effects of the dynamic 
modulus variability from different mixture types and sources. This analysis informed the 
development of an asphalt mixture catalog for flexible pavement design using the MEPDG. 
1.4. Organization of Thesis 
  
This thesis is divided into six chapters. The first chapter provides an introduction 
to the research topic and states the objective and scope of the study. Chapter Two contains 
a literature review that highlights the various pavement design methodologies including 
mechanistic design, empirical design and mechanistic-empirical (M-E) design. The history 
of the M-E pavement design along with the Long-Term Pavement Performance (LTPP) 
and design approach of MEPDG is also discussed. The significance of dynamic modulus 
|E*| and its importance in the MEPDG was studied as well. The literature review also 
includes the different models by which master curves are generated using dynamic 
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modulus as an input parameter. Finally, analysis of pavement performance using the 
AASHTOWare PavementME is also discussed. Chapter Three describes the material 
sampling and test methods involved in determining the dynamic modulus, developing 
master curves and gathering MEPDG inputs. Chapter Four presents the dynamic modulus 
results and findings from the Asphalt Mixture Performance Tester (AMPT) for various mix 
types from the sources included in this study. Chapter Five includes the sensitivity analysis 
of the dynamic modulus with respect to the thickness of the pavement section and its effect 
on pavement distresses. Chapter Six presents a summary of the research, the main 
conclusions of this study, and recommendations based on this research. 
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CHAPTER TWO 
LITERATURE REVIEW 
 
2.1. Pavement Design 
 
The design of flexible pavements can generally be classified into one of two 
categories: empirical methods and mechanistic methods. Empirical methods are based on 
the results of the original American Association of State Highway Officials (AASHO) 
Road Test or similar efforts. The results of the road test were the empirical equations that 
are used to relate the pavement characteristics (structural strength, serviceability index, and 
subgrade characteristics) and the sustainable traffic (Caliendo, 2012). However, use of this 
empirical method also comes with certain limitations. The empirical approach can only be 
correctly applied for a given set of environmental, material and traffic conditions 
(AASHTO, 1993). Due to this limitation, significant advancements in materials, increase 
in traffic, or environmental changes might affect the pavement performance and inaccurate 
results can result. Mechanistic methods on the other hand consider both the material 
behavior and pavement response to model the pavement deterioration process. This type 
of design assumes that the flexible pavement can be designed as a multi-layered elastic 
structure. Hence, it is possible to calculate the stress, strain and deflection due to traffic 
and environmental conditions at any point within the pavement structure (AASHTO, 
1993).  
Researchers believed that pavement performance can be influenced by numerous 
factors which cannot be modelled entirely by considering either empirical or mechanistic 
methods alone, but rather needed a combination of both. In 2004, under the National 
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Cooperative Highway Research Program (NCHRP) project 1-37A, the Mechanistic-
Empirical Pavement Design Guide (MEPDG) for new and rehabilitated pavement 
structures was introduced (Li, et al., 2011).  
2.1.1. Empirical Design 
 
According to the respondents of a survey published in 2004, the 1993 AASHTO 
pavement design guide was the most popular primary flexible pavement design guide at 
that time. An older version of the AASHTO guide, the 1986 version, was the second most 
popular method (FHWA, 2004). The foundation for developing the empirical design of 
flexible pavement started early in the 1950s when the American Association of State 
Highway Officials (AASHO) performed the Road Test in Ottawa, IL. The test, sponsored 
by AASHO and administered by the Highway Research Board of the National Academy 
of Sciences, was a considerably large and comprehensive research effort that studied the 
performance of the pavement structures under moving loads of known magnitude and 
frequency. The primary objective of the road test was to determine a significant 
relationship between the number of axle loads of different magnitude and configuration 
and the performance of different thicknesses of asphalt concrete (AASHO Pavement 
Research, 1962). At the end of the tests conducted, researchers cited serviceability, flexible 
and rigid pavement design equations, load equivalency factors, and single and tandem axle 
load equivalencies as the main products (AASHO Pavement Research, 1962). Completion 
of the AASHO Road Test in 1961 led to the compilation of the empirical equations which 
resulted in the publication of the AASHO Interim Guide for the Design of Flexible 
Pavement Structures. The results from the Road Test led to the introduction of pavement 
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concepts of serviceability, the level of a pavement’s ability to serve the travelling public, 
and pavement performance, the trend of serviceability with time or load applications. The 
empirical equation from the study also facilitated the inclusion of Equivalent Single Axle 
Load (ESAL) factors. It’s a factor that would relate various axle combinations which would 
bring about the same damage as a standard single axle load of 80 kN (18,000 lbs). It has 
been concluded that for a given loss in serviceability index, a flexible pavement would 
withstand about the same number of 33,000 lb tandem axle loads as 18,000 lb single axle 
loads or 41,000 lb tandem axle loads as 22,400 lb single axle loads (AASHO Summary 
Report, 1962). This interim guide served as the most important design reference for flexible 
and rigid pavements until it was revised in 1972. This revision included rearranging and 
simplifying the text and some additional explanatory steps for flexible pavements. Major 
revisions to the guide came in 1986 which included the concept of reliability, incorporation 
of normal deviation and overall standard deviation, subgrade resilient modulus, improved 
traffic data, life cycle cost of pavements, design of pavement for low volume roads and 
Present Serviceability Index (PSI) (AASHTO, 1986). Another major revision came in 1993 
where modifications for overlay designs were included. It was also in this year that design 
Equation 2-1 for asphalt pavement was modified (AASHTO, 1993). 
 
log(𝑊𝑊18) =  𝑍𝑍𝑅𝑅 × 𝑆𝑆𝑜𝑜 + 9.36 log(𝑆𝑆𝑆𝑆 + 1) − 0.20 +
log � ∆𝑃𝑃𝑆𝑆𝑃𝑃4.2 − 1.5�
0.40 + 1094(𝑆𝑆𝑆𝑆 + 1)5.19
+ 2.32 log(𝑀𝑀𝑅𝑅) − 8.07 
 
Equation 2-1: Calculation of ESAL 
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where: 
W18 = predicted number of 18-kip equivalent single axle load applications 
ZR = standard normal deviate 
So = combined standard error of the traffic prediction and performance prediction 
ΔPSI = difference between the initial design serviceability index, po, and the design 
terminal serviceability index, pt 
MR = subgrade resilient modulus (psi) 
 
Currently, the South Carolina DOT uses a version of the 1972 edition of the 
AASHTO Guidelines for Pavement Design for new pavements with a few exceptions. 
Although revisions were made in 1986 and 1993, significant practical problems led the 
agency to continue with the 1972 procedures (SCDOT, 2008).  
2.1.2. Mechanistic Design 
 
Mechanistic design simply means that a mathematical model is used to calculate 
the response of a pavement to traffic loads. The analysis methods employed in mechanistic 
pavement design date back to the 1920s. Later in the 1950s, charts and tables were 
developed to compute the stress and strain in the pavement layers. These were later 
substituted by computer programs that became available in 1960s but were not very popular 
until the widespread usage of personal computers in 1980s. Newcomb and Timm stated 
that mechanistic pavement design would not result in drastically different pavement 
sections from other design procedures but would allow for a rapid analysis of impact due 
to materials and climate. They also stated that states like Washington and Illinois were 
using the mechanistic design methods to check the reasonableness of the other design 
procedures (Newcomb and Timm, 2001). 
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Figure 2-1 shows the flow chart of a typical mechanistic pavement design. The 
design assumes the pavement model to be a layered elastic model comprising of layers of 
different materials. The term elastic is used to show that the pavement deforms under 
applied load and regains its original shape once removed. The modulus of elasticity also 
varies with respect to the climatic conditions (Newcomb and Timm, 2001) 
 
Figure 2-1: Flow chart for typical mechanistic pavement design  
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Yoder and Witczak pointed out that for any pavement design methodology to be 
completely rational it must satisfy three elements: a theory to predict failures, evaluation 
of material properties, and determination of relationship between magnitude and 
performance (Witczak and Yoder, 1975). Hence, the assumptions of a multi-layered elastic 
theory can be summarized as layers with homogeneous material properties which means 
the material properties at point A are the same at point B, layers have finite thickness except 
for the lowest layer and extend infinitely in the lateral direction as shown in Figure 2-2. 
 
 
Figure 2-2: Multi layered elastic theory of pavement layers (Witczak and Yoder, 1975) 
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2.2. Mechanistic-Empirical Design 
 
2.2.1. Long-term Pavement Performance (LTPP) Program 
 
As a part of the Strategic Highway Research Program (SHRP), the Long-term 
Pavement Performance (LTPP) program was started in 1987. The objective of the program 
was to monitor and study the performance of nearly 2500 in-service pavement sections in 
both the United States and Canada (Li et al., 2011). Figure 2-3 shows the locations of 
pavement sections that were part of the program. By acquiring data over a span of 20 years, 
the LTPP program formed the basis for the migration of pavement design from empirical 
to the mechanistic-empirical method. The migration to the MEPDG required detailed 
information about pavements across the country including range of loading, climate and 
subgrade properties. The current default traffic loading provided in the MEPDG were 
derived from the LTPP traffic database using the weigh in motion (WIM) sites across the 
United States and Canada. 
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Figure 2-3: Pavement sections included in the LTPP program 
 
 
The data for the LTPP program has been collected through collaborative efforts 
between highway agencies and the LTPP program. The data includes information on 
inventory, maintenance, monitoring, rehabilitation, material testing and climate. The 
program is divided into two fundamental class of studies: General Pavement Study (GPS) 
and the Specific Pavement Study (SPS); as well as several smaller studies to collect the 
required pavement data. Big data analysis by Chang et al. revealed a high correlation 
coefficient between average block cracking area and average raveling area. Another 
important finding from the study was that surface distress has limited effect on the 
smoothness of the pavement surface (Chang et al., n.d.) 
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2.2.2. MEPDG Design Approach 
 
For many years, the SCDOT has been following a version of the 1972 AASHTO 
pavement design guide for the design of flexible pavements. However, recent studies have 
suggested that the MEPDG might be the future of the pavement design. Many state 
agencies, including SCDOT, are in the process of establishing a methodology to implement 
the proposed MEPDG. The current MEPDG design produces a performance prediction of 
a pavement structure using the input values for traffic, material and climate rather than 
producing the required pavement structure based on given inputs. Since the design is an 
iterative process, the assumed pavement structure can be modified if the distress prediction 
exceeds the expected level and the performance prediction can be repeated until a desired 
performance level is achieved. The structural design is revised until it meets the user 
specified performance criteria making it a robust design considering all reasonable 
alternate solutions (Baus and Stires, 2010).  
The MEPDG design approach consists of three major stages as shown in Figure 
2-4. Stage 1 is to identify the input variables. The input variables generally include 
materials, climate and traffic data. Climate data consists of temperature, precipitation, wind 
speed, etc. which are gathered from various climate stations located across the country. 
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Figure 2-4: Three stages of ME design approach 
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The second stage of the design is the pavement analysis itself. The analysis begins 
with the selection of a trial section and the pavement response to the input values are 
analyzed over time. A pavement section is then modified through an iterative process until 
it satisfies all the input and performance criteria. The third stage of the design approach is 
the evaluation of structurally viable alternatives that includes the life-cycle cost of the 
pavement. This is optional and can be used when the consequences due to failure are 
minimal (Li et al., 2011). 
2.3. Significance of Dynamic Modulus |E*| 
 
The dynamic modulus of HMA is the most significant input parameter in the 
structural design of asphalt pavement. The main objective of dynamic modulus 
characterization includes (1) developing a database and variability of  |E*| input Level 1 
for the MEPDG; (2) evaluating the predictive equation for |E*| input Levels 2 and 3 in the 
MEPDG (McCarthy and Bennert, 2012). With the development of the MEPDG, greater 
emphasis has been placed on Hot Mix Asphalt (HMA) characterization and the modulus 
or stiffness properties. In 2002, there were significant changes to the Guide for Mechanistic 
Empirical Design of New and Rehabilitated Pavement Structures that included changes to 
material, traffic and environmental properties (MEPDG, 2008). Therefore, a thorough 
characterization of asphalt materials and appropriate input values is crucial to design a 
pavement using the MEPDG.  
Based on the experiences of state DOTs who have begun the MEPDG calibration 
processes, Tran and Rodezno assembled a set of recommendations for developing a catalog 
of dynamic modulus (|E*|) values for typical asphalt mixtures used in a state and collecting 
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the necessary information to evaluate the accuracy of the |E*| prediction models.  They 
suggest that the experimental design include “mixtures that are commonly used across the 
state, especially in high-value projects, and cover the desired range of each important 
factor.”  When developing an experimental plan, they suggest that the testing protocol be 
established using the asphalt mixture performance tester (AMPT) and the program should 
then be expanded to include more mixtures that cover the range of mixtures used in the 
state.  It is recommended that a minimum of 20 to 30 mixtures need to be tested to verify 
the |E*| prediction models (Tran and Rodezno, 2013). 
Dynamic modulus is an important input parameter to determine the stress/strain 
responses needed by the performance model to predict the pavement performance. Based 
on the MEPDG performance model, dynamic modulus values have a direct influence on 
the fatigue (bottom-up and top-down) cracking and rutting (Yu and Shen, 2012a). The 
dynamic modulus value is the primary Level 1 input parameter for the MEPDG. It is 
determined in accordance with the procedure outlined in AASHTO TP 62: Standard Test 
for Determining the Dynamic Modulus of HMA. Cyclic loads are applied to the specimen 
across a range of temperatures and frequencies and a master curve is generated using time-
temperature superposition. The master curve is then used as the input in the MEPDG. For 
Level 2 inputs, instead of measuring the dynamic modulus value in the lab, it is estimated 
using predictive models based on the aggregate gradation, mixture volumetric properties 
and asphalt binder properties (Witczak and Fonseca, 1996). Typical models used to predict 
the dynamic modulus are the Witczak model (Bari and Witczak, 2006) and the Hirsch 
model (Christensen Jr et al., 2003). 
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The traditional Witczak model was a result of the predictive model developed using 
a database collected by the Asphalt Institute, the University of Maryland, and the Federal 
Highway Administration that consisted of 2750 dynamic modulus measurements from 205 
different asphalt mixtures tested over 30 years. This model is considered as the most 
popularly used |E*| prediction model and was also adopted for the MEPDG to correlate 
mixture material properties with the dynamic modulus. Equation 2-2 is used for predicting 
the dynamic modulus using this model. 
log𝐸𝐸 = −1.249937 + 0.029232(𝑝𝑝200) − 0.001767. (𝑝𝑝200)2 − 0.002841. (𝑝𝑝4)
− 0.058097.𝑉𝑉𝑎𝑎  − 0.802208.  (
𝑉𝑉𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓
�𝑉𝑉𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓 + 𝑉𝑉𝑎𝑎�
) 
+ (
3.871977 − 0.0021. 𝑝𝑝4 + 0.003958. 𝑝𝑝38 − 0.000017. (𝑝𝑝38)2 + 0.005470. 𝑝𝑝34
1 + 𝑒𝑒(0.603313−0.313551.log (𝑓𝑓)−0.393532.𝑙𝑙𝑜𝑜𝑙𝑙(𝜂𝜂))
) 
 
Equation 2-2: Dynamic modulus prediction using the Witczak model 
 
Where,  
|E*| = dynamic modulus, psi 
η = bitumen viscosity, 106 Poise 
f = loading frequency, Hz 
Va = air void content, % 
Vbeff = effective bitumen content, % by volume 
p34 = cumulative % retained on the 19-mm (3/4 in) sieve 
p38 = cumulative % retained on the 9.5-mm (3/8 in) sieve  
p4 = cumulative % retained on the 4.76-mm (No. 4) sieve 
p200 = % passing the 0.075-mm (No. 200) sieve 
  
A more rational method for predicting asphalt concrete modulus was developed by 
Hirsch. Compared to the Witczak model, the Hirsch model is considered relatively simpler 
and relates the dynamic modulus of the asphalt concrete (|E*|) with binder modulus (G*), 
voids in the mineral aggregate (VMA), and voids filled with asphalt (VFA) (Christensen 
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Jr et al., 2003). The equation for predicting the dynamic modulus using the Hirsch model 
is given in the Equation 2-3. 
 
|𝐸𝐸 ∗ |max = 𝑃𝑃𝑐𝑐 �4,200,000 �1 −
𝑉𝑉𝑀𝑀𝑉𝑉
100
� + 435,000 �
𝑉𝑉𝑉𝑉𝑉𝑉  𝑥𝑥 𝑉𝑉𝑀𝑀𝑉𝑉
10,000
�� +
1 − 𝑃𝑃𝑐𝑐
�
�1 − 𝑉𝑉𝑀𝑀𝑉𝑉100 �
4,200,000 +
𝑉𝑉𝑀𝑀𝑉𝑉
435,000( 𝑉𝑉𝑉𝑉𝑉𝑉)�
 
 
Equation 2-3: Dynamic modulus prediction using Hirsch model 
  
 
Where,  
|E*| = dynamic modulus, psi 
VMA = voids in the mineral aggregate, % 
VFA = voids filled with asphalt, % 
Pc = aggregate contact factor (Equation 2-4) 
 
 
 
𝑃𝑃𝑐𝑐 =
�20 + 435,000(𝑉𝑉𝑉𝑉𝑉𝑉 )𝑉𝑉𝑀𝑀𝑉𝑉 �
0.58
650 + �435,000(𝑉𝑉𝑉𝑉𝑉𝑉)𝑉𝑉𝑀𝑀𝑉𝑉 �
0.58 
 
Equation 2-4: Aggregate Contact factor for Hirsch model 
 
Numerous studies were conducted on the validation of the above-mentioned 
prediction models. The conclusions of the studies indicated that both the models tend to 
underestimate the dynamic modulus values at low reduced frequencies (high 
temperatures). Additionally, for high reduced frequencies (low temperatures), the Witczak 
model overestimated stiffness while the latter provided excellent predictions (Mateos and 
Soares, 2015; Zhang et al., 2017). 
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2.4. Developing a Master Curve  
 
A dynamic modulus master curve for asphalt concrete is a critical input for flexible 
pavement design in the mechanistic–empirical pavement design guide (MEPDG) 
developed in NCHRP Project 1-37A. The recommended procedure to develop the modulus 
master curve is outlined in AASHTO TP62-03, Standard Method of Test for Determining 
Dynamic Modulus of Hot-Mix Asphalt Concrete Mixtures. It includes testing at least two 
replicate specimens at five temperatures between 14°F and 130°F (-10°C and 54.4°C) and 
six loading rates between 0.1 and 25 Hz. The main objective of the master curve 
construction is to account for the temperature and loading effects on the modulus of asphalt 
concrete. Master curves are constructed using the principle of time-temperature 
superposition which describes viscoelastic behavior of asphalt binders and mixtures 
(Bonaquist and Christensen, 2005). A master curve of an asphaltic mix allows comparison 
of viscoelastic materials when testing has been conducted using different loading times or 
frequencies and test temperatures (Lee et al., 2007). For the construction of a master curve, 
a shift factor must be defined. The shifting equations available are the empirical William-
Landel-Ferry (WLF) equation, Arrhenius equation, log-linear method, experimental 
method, and the viscosity temperature susceptibility (VTS) method. Also, research work 
assessing the validity of different shifting methods for the construction of master curves 
shows that the experimental shift factors correlated best with Arrhenius shifting with the 
correlation coefficient R2 being 0.922 (Pellinen et al., 2003). The master curves in this 
thesis were constructed using the Arrhenius shift factor since it requires only one constant 
to be determined, the Activation Energy (Ea) (Md. Yusoff et al., 2011).  
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During testing, dynamic modulus measurements are made at different temperatures 
and loading frequencies. Then the data are shifted horizontally until the data from different 
temperatures align into a smooth continuous function representing the pavement response 
at various temperatures and loading rates. Conditions relating to cold temperature and fast 
traffic speeds are the high reduced frequencies on one end of the master curve and 
conditions relating to high temperature and slow traffic speeds are the low reduced 
frequencies at the other end of the master curve. Dynamic modulus testing using the AMPT 
requires the use of on-specimen deformation measuring sensors (LVDTs) to minimize 
errors associated with end effects. The sensors are mounted to gauge points that are glued 
to the specimen and are designed to be rapidly installed. Dynamic modulus testing for 
master curves should be performed on specimens prepared to the expected in-place air void 
content, typically 7% (USDOT, 2013).
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CHAPTER THREE 
EXPERIMENTAL METHODS AND MATERIALS 
 
3.1. Material Sampling 
 
Characterization of dynamic modulus of asphalt is directly dependent on the source 
of aggregates, since aggregates are the major component of Hot Mix Asphalt (HMA).  
Other factors such as asphalt binder grade, binder content, and volumetric of the mix also 
influence the dynamic modulus. During the development of the Superpave mix design 
system for dense-graded HMA, four aggregate properties, called Consensus Properties, 
were considered most important to HMA performance and should be specified as part of 
the Superpave system; coarse aggregate angularity (CAA), fine aggregate angularity 
(FAA), clay content, and flat and elongated particles. Other properties like toughness, 
soundness and presence of deleterious materials were termed as Source Aggregate 
Properties and are dependent on the type of aggregates locally available (NCHRP, 2011). 
Properties of aggregates like gradation and the way aggregates are packed have an 
important influence on the performance of HMA and dynamic modulus in particular (Yu 
and Shen, 2012b). Therefore, two asphalt production plants were chosen to provide some 
representation of aggregate sources across of the state of South Carolina. Table 3-1 shows 
the contractors and respective plant locations selected to sample asphalt mixes for this 
study.  Each location was selected from a different SCDOT district, which are shown in 
Figure 3-1.  
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Table 3-1: Contractor and locations with SCDOT districts 
Contractor Location SCDOT District 
Contractor 1 Liberty, SC 3 
Contractor 2 Jefferson, SC 4 
 
 
 
Figure 3-1: SCDOT districts 
 
 
An important parameter that affects the dynamic modulus other than source of 
aggregate is the aggregate gradation. The dynamic modulus test conducted by Flintsch et 
al. concluded that the dynamic modulus is sensitive to the mix constituents including 
aggregate type, asphalt content, percentage reclaimed asphalt pavement, etc. (Flintsch et 
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al., 2008). Also, studies by Ali et al. indicated that the main factors that contribute to the 
dynamic modulus are temperature, frequency and the NMAS of the aggregates. A non-
linear regression model quantified the effect of temperature and frequency (Ali et al., 
2016). Five different mix types were considered for this study, each with a different 
gradation or binder grade: Surface Type B, Surface Type C, Intermediate B, Intermediate 
C, and Base A. These mixes were collected in accordance to SC-M-402 Supplemental 
Technical Specifications - Materials Properties for Asphalt Mixtures. (SCDOT, 2018) 
Mixes that are primarily used for Interstates and high-volume roads were specifically 
selected. SC-M-402 suggested that the Intermediate B and Base A were used for Interstate 
intersections. Surface B and C were used for high volume primary Full Depth Patching 
(FDP) and Intermediate C was used for low volume FDP. These mixes were sampled 
during the paving seasons of 2017 (March to October) and 2018 (April to July). 
Findings by Irfan et al. indicated the difference in dynamic modulus of plant 
produced asphalt at different temperatures were the result of binder property changes at 
low temperature and aggregate property changes at higher temperature. Reclaimed asphalt 
pavement (RAP) containing aged binder contributes to higher dynamic modulus values 
(Irfan et al., 2016). A comparative study of lab measured and predicted dynamic modulus 
by having a constant binder across all the specimen indicated the difference in dynamic 
modulus was attributed to the type of aggregate used. Asphalt mixtures containing either 
granite or RAP were found to be stiffer (higher |E*|) than the limestone mixtures (Ping and 
Xiao, 2008). Further investigation on the Tennessee plant produced mixes revealed that 
lower dynamic modulus values were associated with higher asphalt contents, leading them 
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to conclude that small variations in binder content influenced the dynamic modulus values 
(Huang et al., 2008). 
Approximately 100 pounds of asphalt was collected for each mix type from three 
different days of production. The samples were bagged and labelled with the contactor 
name, date of collection, mix type and lot number. Figure 3-2 shows a bagged sample of 
asphalt with details of the mix. While collecting the samples, it was made sure that the 
samples were collected following the procedures outlined in SC-T-101 Standard Method 
of Test for Random Method of Sampling Hot Mix Asphalt (HMA) procedure (SCDOT, 
2013). The asphalt samples were pulled from the same truck as the samples collected for 
QC or QA testing by the plant personnel to compare the results. Also, the plant worksheet 
that contains the details of the mix (type, job mix number, date and time of sample taken), 
maximum specific gravity (Gmm), bulk specific gravity (Gmb), and mix gradation for each 
mix type was also gathered (see APPENDIX B). These samples were then transported to 
the Asphalt Research Lab at Clemson University for the laboratory investigation. Table 
3-2 indicates the number of samples collected from each plant. 
25 
 
 
Figure 3-2: Asphalt bag with mix type details 
 
 
Table 3-2: Asphalt collection matrix 
  Days of production collected 
Contractor Location Surface B Surface C Int B Int C Base A 
Contractor 1 Liberty 3 3 2 3 3 
Contractor 2 Jefferson 3 3 3 3 3 
 
 
Laboratory Investigation 
 
3.1.1. Specimen Preparation 
 
Specimens having a diameter of 150 mm and height of 180 mm were compacted 
using a Troxler gyratory compactor per AASHTO R 83-17 Standard Practice for 
Preparation of Cylindrical Performance Test Specimens Using the Superpave Gyratory 
Compactor (SGC) to a target air void content of 7 ± 0.5%. The required air void content 
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was achieved by compacting two trial specimens to a height of 180 mm altering only their 
material weight.  Weights differed from 7200 to 7500 g depending on the mix type and the 
contractor (aggregate source).  The maximum specific gravity (Gmm) and bulk specific 
gravity (Gmb) tests were carried out on these two specimens in accordance with SC-T-83 
and ASTM D 2726, respectively, then the air void content was calculated using Equation 
3-1. 
Air void content (%) = �1 −
BS
MS
� ∗ 100 
 
Equation 3-1: Calculation of air voids 
 
Once the air void content for the trial specimens was calculated, the material 
weights were interpolated to determine the mix weight that would yield the desired void 
content of 7 ± 0.5%. After determining the appropriate specimen weight, three test 
specimens were prepared from each sample using the same procedures and the air void 
content was verified for each.  
To prepare the gyratory specimens for AMPT testing, the center of each specimen 
was cored out using a 4¼ in diamond tipped coring bit to provide a finished core diameter 
of 100-mm as shown in Figure 3-3. The top and bottom of the core were then saw cut so 
that the final height of the specimen was 150 mm. While saw cutting, it was important to 
make both ends of the specimen parallel to ensure even loading during testing.  
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Figure 3-3: Coring the center of the specimen 
  
Once the surface of the cored and cut specimen was dried, studs were attached using 
two-part epoxy and the IPC Global Gauge Point Fixing Jig as shown in Figure 3-4. The 
specimen was allowed to set undisturbed overnight so that the epoxy cured completely. 
The LVDTs were fixed to these studs prior to AMPT testing. 
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Figure 3-4: Studs attached to sample using epoxy and Fixing Jig 
 
3.1.2.  Asphalt Mixture Performance Tester (AMPT) 
 
The dynamic modulus of each test specimen (compacted, cored and cut) was 
measured using the IPC Global Asphalt Mixture Performance Tester (AMPT). The test 
frequencies chosen were 0.1, 1, 2, 5, 10, 25 Hz and the temperatures were 40, 70, 100 and 
130°F (14, 21, 37, 54℃). The test was conducted in accordance with AASHTO T 378-17 
Standard Method of Test for Determining the Dynamic Modulus and Flow Number for 
Asphalt Mixtures Using the Asphalt Mixture Performance Tester (AMPT). (AASHTO, 
2017). The testing was planned in a way so that specimens were tested at room temperature 
(70°F) first. Later, the specimens were cooled to 4°F by placing them in an environmental 
chamber for 24 ± 2 hours. For higher temperatures, the specimens were placed in the 
environmental chamber for 2-4 hours prior to testing. This reduced conditioning time 
helped preserve the integrity of the specimen. 
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For each temperature tested, the AMPT machine was turned on at least one hour 
before the commencement of the test. The AMPT machine is equipped with a cooler to 
eliminate the moisture build up and the cooler was left on the entire time during lower 
temperature testing (40 and 70°F) and intermittently turned on and off at higher 
temperatures (100 and 130°F). It was made sure that the whole AMPT chamber including 
the linear variable differential transformers (LVDTs) were conditioned to the set 
temperature.  
Once the test temperature was reached, the chamber was raised, and the specimen 
was placed inside as shown in Figure 3-5. A gauge holder to hold a LVDT was attached to 
each of the studs. Three LVDTs were placed between the top and bottom gauge holders 
and zeroed to 0.000 ± 0.015 mm by adjusting the lock washer at the top of the LVDT. 
These LVDTs measured the axial displacement at three evenly spaced locations around the 
specimen’s circumference. Also, metal platens with a friction reducing gasket were placed 
on the top and bottom of the specimen. A metal ball was placed on the top platen to allow 
even loading on the specimen. 
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Figure 3-5: Specimen placed inside AMPT chamber with LVDTs attached 
  
When the specimen was placed inside the chamber and the temperature was stable, 
sinusoidal loading was applied under the given frequencies. This yielded the dynamic 
modulus of the specimen at each required frequency. The results were then exported as a 
Comma Separated Value (CSV) file which was then be used to generate the master curve. 
This was repeated at each test temperature.  
3.2. Master Curve Generation 
 
Once the dynamic modulus was calculated using the AMPT, a master curve was 
generated using the principle of time-temperature superposition. The general form of 
dynamic modulus is given by the Equation 3-2. 
log |𝐸𝐸∗| = log (𝑀𝑀𝑀𝑀𝑀𝑀) +
�log (𝑀𝑀𝑀𝑀𝑥𝑥) − log (𝑀𝑀𝑀𝑀𝑀𝑀)�
1 + 𝑒𝑒𝛽𝛽+𝛾𝛾log𝜔𝜔𝑟𝑟
 
 
 
Equation 3-2: General form of dynamic modulus 
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Where: 
 
|E*| = dynamic modulus, ksi 
ωr = reduced frequency, Hz 
Max = limiting maximum modulus, ksi 
Min = limiting minimum modulus, ksi 
β, and γ = fitting parameters 
 
The reduced frequency was computed using the Arrhenius equation as given in 
Equation 3-3. 
log𝜔𝜔𝑟𝑟 = log𝜔𝜔 +
𝛥𝛥𝐸𝐸𝑎𝑎
19.14714
�
1
𝑇𝑇
−
1
𝑇𝑇𝑟𝑟
� 
 
 
Equation 3-3: Arrhenius shift factor 
 
Where: 
  
ωr = reduced frequency at the reference temperature, Hz 
ω = loading frequency at the test temperature, Hz 
Tr = reference temperature, °K 
T = test temperature, °K 
∆Ea = activation energy (treated as a fitting parameter) 
 
 
The final form of dynamic modulus was obtained by substituting Equation 3-3 in 
Equation 3-2. 
𝑙𝑙𝑜𝑜𝑜𝑜|𝐸𝐸∗| = log(min) +
�𝑙𝑙𝑜𝑜𝑜𝑜(𝑀𝑀𝑀𝑀𝑥𝑥) − 𝑙𝑙𝑜𝑜𝑜𝑜(𝑀𝑀𝑀𝑀𝑀𝑀)�
1 + 𝑒𝑒𝛽𝛽+𝛾𝛾�𝑙𝑙𝑜𝑜𝑙𝑙𝜔𝜔+
𝛥𝛥𝐸𝐸𝑎𝑎
19.14714��
1
𝑇𝑇�−�
1
𝑇𝑇𝑟𝑟
���
 
 
 
Equation 3-4: Final form of dynamic Modulus 
 
The shift factor for each temperature is given by the Equation 3-5. 
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𝑙𝑙𝑜𝑜𝑜𝑜[𝑀𝑀(𝑇𝑇)] =
𝛥𝛥𝐸𝐸𝑎𝑎
19.14714
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Equation 3-5: Shift factor for each temperature 
 
 The following steps are recommended to generate the master curve from the 
dynamic modulus and frequency matrix (Bonaquist et al., 2008) 
Step 1: Estimate the limiting modulus 
 
Calculate the Voids in Mineral Aggregate (VMA) and Voids Filled with Asphalt 
(VFA) using the Gmb and the air voids from the laboratory experiments. Once, that is 
determined, calculate the limiting maximum modulus using the Equation 2-3 and Equation 
2-4. 
Step 2: Select reference temperature 
 
Usually 70℉ (20℃) is selected as the reference temperature for generating the 
master curve. 
Step 3: Perform Numerical Optimization 
 
Substitute the maximum limiting modulus and reference temperature values into 
Equation 3-4 to determine the predicted dynamic modulus. The four fitting parameters 
(Min, β, γ, ΔEa) are determined using numerical optimization. The optimization can be 
performed using the Solver function in Microsoft EXCEL. A spreadsheet template has been 
created to compute the sum of the squared errors between the log (average E*) at each 
temperature/frequency combination and the values predicted by Equation 3-4. The Solver 
function is used to minimize the sum of the squared errors by varying the fitting parameters 
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in Equation 3-4. The following initial estimates are recommended: δ = 0.5, β =-1.0, γ =-
0.5, and ΔEa = 200,000. 
Step 4: Plotting the curve 
 
Once the solver function optimizes the parameters, a fitted dynamic modulus is 
obtained for each temperature and frequency tested. A graph is then plotted between the 
reduced frequency and the fitted dynamic modulus by shifting the Temperature vs. 
Frequency horizontally to produce a single sigmoidal curve. Figure 3-6 shows the graph of 
3 samples with their actual dynamic modulus from the AMPT and the frequencies plotted 
against each other while the Figure 3-7 shows the master curve generated after the 
necessary calculations and optimizations are carried out. 
 
Figure 3-6: Actual dynamic modulus vs. tested frequency 
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Figure 3-7: Master curve generated
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CHAPTER FOUR 
RESULTS AND DISCUSSION 
 
4.1. Laboratory Testing 
Three samples were compacted, cored and tested for each day of mix collected from 
the plant. Each specimen was tested to determine the maximum specific gravity (Gmm), 
bulk specific gravity (Gmb), air voids, VMA, and VFA. Specimens were then tested using 
the AMPT to measure the dynamic modulus |E*| at frequencies of 0.1, 0.5, 1, 2,5, 10, and 
25 Hz after being conditioned to temperatures of 40, 70, 100, and 130 °F (4, 21, 37, 54℃). 
It was ensured that the air void requirement of 7 ± 1% was met. Table 4-1 shows the Gmm, 
Gmb, air voids, VMA, and VFA of mix types from Contractor 1 and Contractor 2. Also, the 
dynamic modulus values obtained from the AMPT for both the contractors are shown in 
Table 4-2 and Table 4-3. 
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Table 4-1: Average specimen properties 
Contractor Mix Type 
Day of 
Production MSG BSG 
Air 
Void VMA VFA 
(%) (%) (%) 
Contractor 1 
Base A 
1 2.51 2.34 7.25 19.57 62.98 
2 2.51 2.34 6.97 17.94 61.15 
3 2.51 2.35 6.78 17.77 61.87 
INTB 
1 2.50 2.34 6.93 17.83 61.17 
2 2.50 2.35 6.70 17.57 61.88 
3*           
INTC 
1 2.49 2.32 6.62 18.20 63.66 
2 2.49 2.33 6.90 17.58 60.72 
3 2.50 2.34 6.87 18.05 61.97 
STB 
1 2.47 2.31 7.01 19.19 63.51 
2 2.47 2.31 6.94 18.83 63.15 
3 2.48 2.32 6.90 18.71 63.10 
STC 
1 2.46 2.30 6.65 19.51 65.92 
2 2.47 2.30 7.27 19.79 63.26 
3 2.46 2.31 6.80 19.36 64.91 
Contractor 2  
Base A 
1 2.47 2.30 7.33 17.52 58.18 
2 2.48 2.32 7.05 17.53 59.78 
3 2.49 2.33 7.00 17.49 59.99 
INTB 
1 2.45 2.29 6.99 19.06 63.33 
2 2.47 2.30 7.29 17.97 59.45 
3 2.44 2.28 6.97 17.67 60.55 
INTC 
1 2.44 2.28 6.58 17.73 62.89 
2 2.44 2.30 6.50 17.48 66.18 
3 2.47 2.29 7.24 19.20 62.30 
STB 
1 2.45 2.29 7.30 19.08 61.72 
2 2.43 2.27 6.91 18.98 63.61 
3 2.42 2.26 7.23 19.11 62.17 
STC 
1 2.43 2.27 6.85 19.87 65.54 
2 2.43 2.27 6.82 19.82 65.56 
3 2.44 2.26 7.17 20.06 64.23 
* Only 2 days of production was available from Contractor 1, Liberty 
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Table 4-2: Dynamic Modulus from Contractor 1 
  Dynamic Modulus (psi) 
Mix Temperature (℉) 0.1 Hz 1 Hz 2 Hz  5 Hz 10 Hz 25 Hz 
Base A 14 2397128 2591512 2660541 2791354 2836644 2887890 
Base A 40 1589186 1920892 2050890 2316072 2413870 2528377 
Base A 70 627994 932819 1079183 1433396 1585065 1778593 
Base A 100 167559 291472 365561 591740 711886 888559 
Base A 130 48482 80913 102479 179921 228880 311796 
INTB 14 2472321 2662459 2729300 2854711 2897666 2945915 
INTB 40 1653222 1990352 2121509 2386921 2483931 2596783 
INTB 70 646993 964365 1116274 1482355 1638317 1836493 
INTB 100 159635 286787 363331 598036 722981 906745 
INTB 130 38597 69472 90414 167132 216397 300635 
INTC 14 2354143 2560677 2634939 2777032 2826654 2883075 
INTC 40 1507637 1841469 1975132 2252967 2357234 2480586 
INTC 70 561784 843939 982166 1324928 1475449 1670915 
INTC 100 136032 242403 306686 506343 614595 776642 
INTC 130 33397 58996 76197 138792 178928 247794 
STB 14 2261117 2459676 2532722 2675920 2727287 2786798 
STB 40 1445451 1751940 1875909 2137758 2238048 2358629 
STB 70 549201 808580 934257 1244879 1381711 1560598 
STB 100 135108 237091 297399 480827 578719 724156 
STB 130 31527 56727 73441 133065 170541 233871 
STC 14 2074010 2310062 2397821 2570796 2633008 2705080 
STC 40 1225724 1552067 1688032 1981242 2095314 2233448 
STC 70 422374 655508 774331 1081254 1221486 1408623 
STC 100 105618 186652 236490 395409 484052 619819 
STC 130 29739 50357 64044 113564 145338 200144 
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Table 4-3: Dynamic Modulus from Contractor 2 
  Dynamic Modulus (psi) 
Mix Temperature (℉) 0.1 Hz 0.1 Hz 0.1 Hz 0.1 Hz 0.1 Hz 0.1 Hz 
Base A 14 2463070 2682308 2756412 2889929 2933652 2981267 
Base A 40 1503491 1914740 2073948 2389629 2501593 2628612 
Base A 70 433613 754053 921208 1346402 1533031 1771520 
Base A 100 73468 155737 213100 416926 538888 730846 
Base A 130 16144 30023 40478 84714 117254 179023 
INTB 14 2182826 2456986 2553717 2733886 2794723 2862159 
INTB 40 1185215 1593446 1762634 2118071 2250987 2406521 
INTB 70 311897 559609 696303 1068146 1242701 1476310 
INTB 100 55659 116085 158357 311619 406162 559714 
INTB 130 13094 24164 32380 66609 91553 138806 
INTC 14 2262235 2504095 2590300 2753338 2809471 2872619 
INTC 40 1307041 1684971 1838928 2160971 2281845 2424332 
INTC 70 379096 639446 776616 1136145 1300563 1518229 
INTC 100 69542 139701 186702 349118 445349 597643 
INTC 130 15085 28112 37539 75422 102106 151344 
STB 14 2149929 2406830 2499188 2674653 2735206 2803334 
STB 40 1183848 1561233 1718319 2052318 2179322 2329981 
STB 70 316099 549744 676794 1020333 1181817 1399220 
STB 100 54937 111265 149987 288519 373395 511133 
STB 130 12518 22494 29731 59220 80395 120255 
STC 14 2092613 2344141 2463435 2611579 2673245 2743395 
STC 40 1168293 1529523 1739878 2000058 2122738 2269283 
STC 70 330299 564734 769729 1021798 1176030 1382640 
STC 100 59481 121998 214097 310595 397820 536509 
STC 130 12289 23809 52488 66568 90886 135872 
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4.2. AMPT Testing 
The average dynamic modulus values determined using the AMPT for each day of 
production from different contractors are discussed in the following sections. One-way 
Analysis was done using each pair Student’s t test. The t test compares the mean dynamic 
modulus of different mixtures and provides a comparison of the mixtures using a 
connecting letters report. The connecting letters are used to analyze if the dynamic modulus 
grouped by certain criteria are significantly different or not. The criteria used for the 
comparison of dynamic modulus are.  
i. Variability between production day for a given mix and contractor 
ii. Variability between contractors for a given mix 
iii. Variability between mix types for a given contractor 
 
The threshold for the level of significance was 95% (α = 0.05). From the connecting 
letters report, if the components share a common letter it means they are not statistically 
different and if the components do not share a common letter, they are significantly 
different. These connecting letter reports were generated for each combination of 
temperature and frequency for different mix type, contractor and production date.   
4.2.1. Variability between production day for a given mix and contractor 
 
The purpose of this analysis was to check the variability of dynamic modulus with 
respect to the production day of the mix. Three specimens were made from the samples 
collected from each day of production and the dynamic modulus was measured using the 
AMPT. The mean dynamic modulus values were then compared to determine if there were 
any significant differences in the production days of each mix. The hypothesis for this 
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analysis was to check if the dynamic modulus for a given mix type was similar for each 
day of production (Day 1 = Day 2 = Day 3). The results are summarized in the tables in 
this section where an “S” means there were significant differences between the different 
days of production (i.e., at least one day was different from the others) and “NS” indicates 
that all three days were not significantly different. 
4.2.1.1. Base A, Contractor 1 
 
The dynamic modulus master curve for Base A from Contractor 1 is shown in 
Figure 4-1 and can be used to visually analyze the variation of dynamic modulus with 
respect to the production date. From the figure, the dynamic modulus is very consistent 
when tested at lower temperature (high frequency) for all days of production. There is also 
higher deviation in the dynamic modulus values at higher temperature (low frequency). 
Also, Day 1 and Day 2 production yielded similar dynamic modulus values irrespective of 
the day of the production. Day 3 production followed the same trend as of other days but 
with a higher dynamic modulus value. 
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Figure 4-1: Dynamic modulus master curve, Base A – Contractor 1  
 
Table 4-4 shows the variability of dynamic modulus of Base A mix type from 
Contractor 1 at various temperatures and frequencies. The cells marked as ‘S’ indicate that 
the means of dynamic modulus with respect to the production date were significantly 
different. Though Day 1 and Day 2 are similar, Day 3 had a higher average dynamic 
modulus value based on the ANOVA analysis. The t-test results indicated that Day 1 and 
Day 2 were not significantly different from each other, but Day 3 was significantly different 
from Days 1 and 2. 
 
Table 4-4: Variability in production day of Base A - Contractor 1 
   Frequency (Hz) 
Plant Mix Temperature (oF) 0.1 1 2 5 10 25 
Contractor 1 Base A 
40 S S S S S S 
70 S S S S S S 
100 S S S S S S 
130 S S S S S S 
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4.2.1.2. Intermediate B, Contractor 1 
 
From Figure 4-2 it can be seen that the dynamic modulus values are consistent at 
the lower temperature (higher frequency). The values seem to deviate at middle and high 
higher temperatures (lower frequencies). 
 
Figure 4-2: Dynamic modulus master curve, Intermediate B – Contractor 1 
 
Table 4-5 shows the variability in production day for the Intermediate B mix type 
from Contractor 1. Unlike Base A, Intermediate B follows a pattern of being significantly 
different as the temperature increases and frequency decreases. The dynamic modulus was 
consistent (not significantly different (NS)) at lower temperatures and higher frequencies. 
 
Table 4-5: Variability in production day of Intermediate B - Contractor 1 
   Frequency (Hz) 
Plant Mix Temperature (oF) 0.1 1 2 5 10 25 
Contractor 1 INTB 
40 NS NS NS NS NS NS 
70 S S NS NS NS NS 
100 S S S S NS NS 
130 S S S S S S 
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4.2.1.3. Intermediate C, Contractor 1 
 
The dynamic modulus master curve for the Intermediate C mix from Contractor 1 
is included in Figure 4-3 for three days of production. The variation of dynamic modulus 
were less varied at lower temperatures (high frequency) and the variability is highest at the 
lower temperatures (lower frequencies). 
 
Figure 4-3: Dynamic modulus master curve, Intermediate C – Contractor 1 
 
 
From Table 4-6, the comparison of means shows that the dynamic modulus values 
were significantly different at the lower temperatures (40, 70, 100℉) with the exception of 
0.1 Hz. and 25 Hz. at 40℉. The values become consistent and not significantly different at 
the highest temperature tested. 
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Table 4-6: Variability in production day of Intermediate C - Contractor 1 
   Frequency (Hz) 
Plant Mix Temperature (oF) 0.1 1 2 5 10 25 
Contractor 1 INTC 
40 NS S S S S NS 
70 S S S S S S 
100 S S S S S S 
130 NS NS NS NS NS NS 
 
 
4.2.1.4. Surface B, Contractor 1 
 
From the Figure 4-4 it can be seen that the dynamic modulus for Day 1 and Day 3 
were similar across all the temperatures and frequencies. Also, Day 2 production generally 
exhibited a higher dynamic modulus than the other days of production. 
 
Figure 4-4: Dynamic modulus master curve, Surface B – Contractor 1 
 
The variability of dynamic modulus for the mix type Surface B from Contractor 1 
is shown in Table 4-7. At lower temperatures (40, 70℉), it is consistent across all 
frequencies except at 0.1 Hz. Also, the results are similar at 130℉. But, at 100℉, the 
dynamic modulus values were not statistically similar, except at the highest frequency (25 
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Hz). The maximum variability was at 100℉ at 0.1 Hz. The analysis indicated that Day 1 
and Day 3 values were similar to each other at all temperature and frequencies, While Day 
2 was different at the temperatures and frequencies noted in Table 4-7. 
 
Table 4-7: Variability in production day of Surface B - Contractor 1 
   Frequency (Hz) 
Plant Mix Temperature (oF) 0.1 1 2 5 10 25 
Contractor 1 STB 
40 S NS NS NS NS NS 
70 S NS NS NS NS NS 
100 S S S S S NS 
130 NS NS NS NS S S 
 
 
4.2.1.5. Surface C, Contractor 1 
 
From the master curves plotted in Figure 4-5, it is evident that the dynamic modulus 
of the mix sampled from Day 1 was higher than Day 2 and Day 3.  
 
 
Figure 4-5: Dynamic modulus master curve, Surface C – Contractor 1 
 
 
Table 4-8 shows the results of the ANOVA for Surface C mix type from Contractor 
1. The values are significantly different irrespective of the temperature and frequency. At 
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low temperatures (40 and 70℉), the dynamic modulus from Day 2 was significantly 
different when compared to other days of production. At higher temperature (100℉), Day 
1 had higher values than other days of production.   
 
Table 4-8: Variability in production day of Surface C - Contractor 1 
   Frequency (Hz) 
Plant Mix Temperature (oF) 0.1 1 2 5 10 25 
Contractor 1 STC 
40 S S S S S S 
70 S S S S S S 
100 S S S S S S 
130 S S S S S S 
 
 
4.2.1.6. Base A, Contractor 2 
 
From Figure 4-6, the values of dynamic modulus for all days of production are 
consistent for all temperature and frequencies except for Day 2 at 100℉. 
 
 
Figure 4-6: Dynamic modulus master curve, Base A – Contractor 2 
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The Student’s t-test results from Table 4-9 shows that the mean of the dynamic 
modulus is same for all temperature and frequencies except at 100℉. At higher frequencies 
of 100℉ there were significant differences in Day 2 and Day 3. At frequencies 2 and 1 Hz, 
Day 2 had significant differences from Day 1 and Day 3. But at lower frequencies, the 
difference was between Day 1 and Day 2 with significant similarities between Day2 and 
Day 3.  
Table 4-9: Variability in production day of Base A – Contractor 2 
   Frequency (Hz) 
Plant Mix Temperature (oF) 0.1 1 2 5 10 25 
Contractor 2 Base A 
40 NS NS NS NS NS NS 
70 NS NS NS NS NS NS 
100 S S S S S S 
130 NS NS NS NS NS NS 
 
 
4.2.1.7. Intermediate B, Contractor 2  
 
The master curve of Intermediate B from Contractor 2, shown in the Figure 4-7, 
indicates that the dynamic modulus values of Day 1 and Day 2 were close at the tested 
temperature and frequencies. But, the values for Day 3 production were significantly lower 
at higher temperatures. 
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Figure 4-7: Dynamic modulus master curve, Intermediate B – Contractor 2 
  
The Student’s t-test, shown in Table 4-10, indicated that there were significant 
differences in the production days for the Intermediate B mix type. With only exception of 
highest frequency at 40 and 100℉, the mean of the dynamic modulus varied significantly. 
At low temperature, Day 1 and Day 3 had similarities and Day 2 and Day 3 were 
significantly different from each other. However, at 70℉, the differences were due to Day 
3 production. Day 1 and Day 2 were statistically similar to each other. Each day of 
production was significantly different to each other at 100℉ (all frequencies). At 130℉, 
the difference was due to the higher variance between Day 2 and Day 3. 
Table 4-10: Variability in production day of Intermediate B – Contractor 2 
   Frequency (Hz) 
Plant Mix Temperature (oF) 0.1 1 2 5 10 25 
Contractor 2 INTB 
40 S S S S S NS 
70 S S S S S S 
100 S S S S S NS 
130 S S S S S S 
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4.2.1.8. Intermediate C, Contractor 2 
 
The master curve for Intermediate C, shown in Figure 4-8, indicates that the Day 2 
production had a higher value than the rest of the days. Day 1 and Day 3 values are closer 
to each other. 
 
Figure 4-8: Dynamic modulus master curve, Intermediate C – Contractor 2 
 
 
Table 4-11 shows the t-test results for Intermediate C. From the table, the mean of 
dynamic modulus values were significantly different except for higher frequencies (25, 10, 
and 5 Hz.) at 40℉. From the connecting letter, it is seen that irrespective of temperature 
and frequency tested, Day 2 production was significantly different from the rest of the days. 
Significant difference between Day 2 and other days was seen at higher temperatures (100 
and 130℉). 
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Table 4-11: Variability in production day of Intermediate C – Contractor 2 
   Frequency (Hz) 
Plant Mix Temperature (oF) 0.1 1 2 5 10 25 
Contractor 2 INTC 
40 S S S NS NS NS 
70 S S S S S S 
100 S S S S S S 
130 S S S S S S 
 
 
 
4.2.1.9. Surface B, Contractor 2 
 
The master curve for Surface B from Contractor 2, shown in Figure 4-9, indicates 
that the dynamic modulus values are closer at low temperatures and has high variability at 
the higher temperatures. Day 2 production has a shift in dynamic modulus values between 
40 and 70℉. 
 
 
Figure 4-9: Dynamic modulus master curve, Surface B – Contractor 2 
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From Table 4-12, the mean dynamic modulus values for Surface B were 
significantly different from each other with no similarities across the temperature and 
frequency tested. From the connecting letters report of ANOVA results it can be seen at 
temperatures 40 and 70℉, each day of production behaves differently and no similarities 
with each other. Interesting observation was noted at higher temperatures. At 100℉ and all 
frequencies tested, Day 2 and Day 3 had similarities and Day 1 was significantly different.  
But at 130℉, Day 2 was significantly different and also Day 1 and Day 3 were not 
significantly different. 
 
Table 4-12: Variability in production day of Surface B – Contractor 2 
   Frequency (Hz) 
Plant Mix Temperature (oF) 0.1 1 2 5 10 25 
Contractor 2 STB 
40 S S S S S S 
70 S S S S S S 
100 S S S S S S 
130 S S S S S S 
 
 
4.2.1.10. Surface C, Contractor 2 
 
The master curve in Figure 4-10 indicates that the values of all days of production 
from Contractor 2 for Surface C are very close with less variability between them. Unlike 
Surface B, mix type Surface C values were consistent with less variability. 
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Figure 4-10: Dynamic modulus master curve, Surface C – Contractor 2 
 
 
 
 
Table 4-13: Variability in production day of Surface C – Contractor 2 
   Frequency (Hz) 
Plant Mix Temperature (oF) 0.1 1 2 5 10 25 
Contractor 2 STC 
40 NS NS NS NS NS NS 
70 NS NS NS NS NS NS 
100 NS S S S NS NS 
130 NS NS NS NS NS NS 
 
  
From the ANOVA results, it is seen that the means of dynamic modulus across the 
production days are very consistent with no significant difference between them expect for 
the 1, 2 and 5 Hz. at 100℉. Apart from that, there are no significant differences in the 
means of dynamic modulus. Day 3 and Day 2 had very little difference and remained 
similar at all temperature. The difference was due to variability between Day 1 and Day 3.  
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4.2.2. Variability in contractors for a given mix type 
 
The purpose of this portion of the study was to check the variability of dynamic 
modulus with respect to the contractor producing the mix. Asphalt mixes from two 
contractors, Contractor 1 and Contractor 2, were compared using ANOVA.  
4.2.2.1. Base A 
 
Figure 4-11 shows the comparison of the dynamic modulus master curves for the 
mix type Base A produced from Contractor 1 and Contractor 2. From the figure, the 
dynamic modulus of Contractor 1 was higher at the higher temperatures (lower frequency) 
and when temperature decreases (higher frequency), the values generally converge and the 
dynamic modulus of Contractor 2 had a higher value. 
 
Figure 4-11: Dynamic modulus master curve, Mix Type – Base A 
 
 
One-way ANOVA results are summarized in Table 4-14. The results show that 
there were no significant differences in the mean dynamic modulus at lower temperatures 
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(40 and 70℉) with exception of 70℉ at 1 and 0.1 Hz which was when the deviation occurs. 
The minimum and maximum variation were at 70℉ at 25 Hz and 100℉ at 1 Hz. The mix 
type follows a similar trend of Intermediate B production from Contractor 1 when grouped 
by production date. The production from both the plants are similar at lower temperature 
and higher frequency. But, when the temperature increases, the mixes are significantly 
different from each other.  
 
Table 4-14: Variability in contractor for Base A 
    Frequency (Hz) 
Mix Temperature (oF) 0.1 1 2 5 10 25 
Base A 
40 NS NS NS NS NS NS 
70 S S NS NS NS NS 
100 S S S S S S 
130 S S S S S S 
 
 
4.2.2.2. Intermediate B 
 
The master curves for Intermediate B mix from both the plants are plotted in Figure 
4-12. Like Base A, Intermediate B follows the same trend of values having less variability 
at lower temperature and the variability increasing as the temperature increases. Also, the 
value of Contractor 1 Asphalt is higher which is similar to Base A.  
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Figure 4-12: Dynamic modulus master curve, Mix Type – Intermediate B 
 
 
 
Table 4-15 shows the similarity between the Contractor 1 and Contractor 2 plant in 
producing the Intermediate B. From the table, it is observed that the mix are significantly 
different across all the temperature and frequency tested. At all the temperature tested, the 
mean of Contractor 1 was significantly higher that the Contractor 2 specimens.  
 
Table 4-15: Variability in contractor for Intermediate B 
    Frequency (Hz) 
Mix Temperature (oF)  0.1 1 2 5 10 25 
INTB 
40 S S S S S S 
70 S S S S S S 
100 S S S S S S 
130 S S S S S S 
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4.2.2.3. Intermediate C 
 
Like Base A and Intermediate B, Intermediate C follows the same trend of 
Contractor 1 having higher dynamic modulus value than the Contractor 2 specimen which 
can be seen in the Figure 4-13. Also, it is noted that the variability of the dynamic modulus 
value is less at lower temperature (higher frequency) and high at the higher temperature 
(lower frequency). This variation is also found in the Base A and Intermediate B mixes. 
 
 
Figure 4-13: Dynamic modulus master curve, Mix Type – Intermediate C 
 
 
 
From the ANOVA analysis results in Table 4-16, it is inferred that the mixes from 
Contractor 1 and Contractor 2 are significantly different to each other. The only similarity 
was at the lowest temperature and highest frequency. Also, from the analysis report, the 
highest variability occurred at the lowest temperature and lowest frequency (130℉ at 
0.1Hz.) 
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Table 4-16: Variability in contractor for Intermediate C 
    Frequency (Hz) 
Mix Temperature (oF)  0.1 1 2 5 10 25 
INTC 
40 S S S S NS NS 
70 S S S S S NS 
100 S S S S S S 
130 S S S S S S 
 
 
 
4.2.2.4. Surface B 
 
Surface B, like all other mix types, follows the same pattern. Contractor 1 had a 
higher dynamic modulus value than the Contractor 2 plant. Also, the same trend of less 
variability at lower temperature and high variability at the higher temperatures can be seen 
in this mix type too. Figure 4-14 shows the variability of master curves between the Surface 
B mix types from both the plants 
 
 
Figure 4-14: Dynamic modulus master curve, Mix Type – Surface B 
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From the ANOVA results in Table 4-17, the similarities in mix type Surface B for 
the plants Contractor 1 and Contractor 2 can be inferred. At 40℉, except for the frequency 
0.1 Hz. the means of the values are not significantly different. Even at 0.1 Hz. the 
variability is very less. The deviation in the mean of dynamic modulus values occurred at 
70℉ and 10Hz with less variation at all other frequencies. At 100℉ and 130℉, the means 
of both the plants were significantly different. 
 
Table 4-17: Variability in contractor for Surface B 
    Frequency (Hz) 
Mix Temperature (oF)  0.1 1 2 5 10 25 
STB 
40 S NS NS NS NS NS 
70 S S S S S NS 
100 S S S S S S 
130 S S S S S S 
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4.2.2.5. Surface C 
 
The master curve for the mix type Surface C from both the plants are shown in 
Figure 4-15. Like rest of the mix types, Surface C production from the Contractor 1 had 
higher dynamic modulus values. But the values are consistent at lower temperatures and 
the variability at high temperatures are less when compared to the rest of the mix types. 
 
Figure 4-15: Dynamic modulus master curve, Mix Type – Surface C 
 
 
The ANOVA results in the Table 4-18 compliment the results from the Figure 4-15. 
The dynamic modulus means are consistent, and no significant difference occurred at lower 
temperature (higher frequencies). There is significant variability at the higher temperatures 
(lower frequency) except for 100℉ at 25 Hz. Also, the values of dynamic modulus for 
Contractor 2, at higher temperatures, are closer to each other while the values of Contractor 
1 are scattered showing that the Contractor 1 had high variability within the days of 
production and specimen itself. 
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Table 4-18: Variability in contractor for Surface C 
    Frequency 
Mix Temperature (oF)  0.1 1 2 5 10 25 
STC 
40 S NS NS NS NS NS 
70 NS NS NS NS NS NS 
100 S S S S S NS 
130 S S S S S S 
 
 
4.2.3. Variability in mix types for a given contractor 
 
The purpose of this portion of the study was to compare the variability of mix types 
within a given plant. Five different mix types (Base A, Intermediate B, Intermediate C, 
Surface B, Surface C) were compared to study the variability in dynamic modulus. The 
mean of the dynamic modulus of each mix type produced from the plants were compared 
at each temperature to find any similarities within a given contractor. 
4.2.3.1. Contractor 1 
 
Figure 4-16 shows the average dynamic modulus master curves of all mix types 
from Contractor 1 it can be noted that the dynamic modulus values for all mix types are 
consistent across all the temperature and frequency range tested. 
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Figure 4-16: Dynamic modulus master curve, Contractor 1 
 
 
The connecting letter report for the mix types from Contractor 1 are shown in Table 
4-19. From the connecting letters similarities between the mix types at various 
temperatures can be inferred. Comparisons of all mix types for a given temperature and 
frequency. Therefore, the letters in Table 4-19 can only be compared within a single 
temperature and frequency (i.e., cannot compare 0.1 Hz to 2 Hz at 40oF or 70oF to 100oF 
at 1 Hz). 
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Table 4-19: Variability in mix type for Contractor 1 
  Frequency (Hz) 
Temp Mix 0.1 1 2 5 10 25 
40 
Base A A A A A A A B 
INTB A A A A A A 
INTC A A B A B A B A B A B 
STB B B C B C B C B C B C 
STC B C C C C B C 
70 
Base A A A A A A A 
INTB A B A A A A A 
INTC A B C A B A B A B A B A B 
STB B C B C B C B C B C B C 
STC C C C C C C 
100 
Base A A A A A B A B A B 
INTB A A A A A A 
INTC A B A A B B B 
STB A B A A B B B 
STC B B B C C C 
130 
Base A A A A A A A 
INTB A B A B A B A B A B A B 
INTC A B A B B B C B C B C 
STB A B B B B C B C C 
STC B B B C C C 
 
4.2.3.2. Contractor 2 
 
The Figure 4-17 below shows the master curve for the average dynamic modulus 
of all the specimen and the mix types obtained from Contractor 2 asphalt plant. Unlike 
Contractor 1, Contractor 2 specimen has lower dynamic modulus. Also, the dynamic 
modulus of all the specimen are more clustered than the Contractor 1. From the figure, the 
Base A mix type has a slightly higher value than the rest of the mix type and Surface C had 
the lowest dynamic modulus value. The similarities and differences of mix types within 
the plant are discussed below. 
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Figure 4-17: Dynamic modulus master curve, Contractor 2 
 
 
From the connecting letters report in Table 4-20, we can infer the similarities and 
differences in mix types within Contractor 2 plant at different temperatures. Unlike 
Contractor 1, Base A mix from Contractor 2 did not have any significant similarity to 
Intermediate mixes except at 70℉ at 0.1 Hz between Base A and Intermediate C. 
At 40℉, Base A was not similar to any of the mix types. The Intermediate mixes 
were similar to each other and the Surface types were similar to each other. Also, it can be 
seen that Surface B was similar to Intermediate mixes. At 70℉, the variability between the 
mixes greatly reduced. The Base A was significantly different from rest of the mix and the 
other mixes had significant difference amongst them. Except for similarity at 70℉ at 0.1 
Hz between Base A and Intermediate C, there were no significant similarities. 
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Table 4-20: Variability in mix type for Contractor 2 
  Frequency (Hz) 
Temp Mix 0.1 1 2 5 10 25 
40 
Base A A A A A A A 
INTB B B B B B B 
INTC B B B B B B 
STB B C B C B C B C B C B C 
STC C C C C C C 
70 
Base A A A A A A A 
INTB B B B B B B 
INTC A B B B B B B 
STB B B B B B B 
STC B B B B B B 
100 
Base A A A A A A A 
INTB C B C B C B C B C B C 
INTC A B A B A B A B B A B 
STB B C C C C C C 
STC A B C B C B C B C B C B C 
130 
Base A A A A A A A 
INTB A B A B B B B B C 
INTC A A B A B A B B A B 
STB B B B B B C 
STC A B B B B B B C 
 
 
There were variations at 130℉ going from high frequency to lower frequency. At 
the highest frequency as shown in Table 4-20, Base A and Intermediate C had less 
variability. Also, the Intermediate mixes behaved in a similar way and Surface types had 
very little differences between them. Also, the Intermediate mixes were similar to Surface 
C and Surface types were similar to the Intermediate B. Similarities were seen at the 
frequencies 5 and 10 Hz. Base A was significantly different from rest of the mixes. There 
were no significant differences between the Intermediate and Surface mix types. At the 
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lowest frequency of 0.1 Hz the Surface types were similar, and both were similar to the 
Intermediate B. Also, Base A, Intermediate and Surface C were similar to each other. 
In summary, there are contrasting behaviors for the variability in production day 
between the contractors. Base A and Surface C mix from Contractor 1 were found to be 
inconsistent and same mixes from Contractor 2 were fairly consistent. Intermediate B and 
Surface B mix from Contractor 1 showed inconsistency on increasing temperature and 
frequency whereas the other contractor mixes were inconsistent throughout. When 
Contractor 1 had consistency at higher temperature for Intermediate C, Contractor 2 had 
consistency at lower temperature. 
Based on variability in the mix type results, as expected, both contractors had 
similarities in their Intermediate mixes and Surface mixes. Contractor 1 showed similarity 
between the Base mix and Intermediate mixes which was not the case in Contractor 2. At 
reference temperature, all the Intermediate and Surface mixes showed similarity, but 
Contractor 1 had huge variations. 
When both the contractors were compared on the mix type variability, Base A and 
both the Surface mixes had a trend of being similar at low temperatures and high variability 
on increasing temperature and frequency. Both the Intermediate mixes were significantly 
different between the contractors. 
4.3. MEPDG Input 
Similar to statistical analysis of dynamic modulus obtained using AMPT, analysis 
was carried out on the dynamic modulus which was used as an input in the Pavement ME 
software. The variability due to mix type and contractors were studied in the analysis since 
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the variability in production day cannot be studied since the fitted dynamic modulus 
combines the average of all the specimen from one production day and yields one fitted 
dynamic modulus value. 
4.3.1. Variability of MEPDG input in contractor for a given mix  
 
The purpose of this portion of the study was to check the variability of dynamic 
modulus with respect to the contractor producing the mix. The hypothesis was to check if 
the dynamic modulus for a given mix type was similar between the contractors producing 
it (Contractor 1 = Contractor 2). 
The results from Table 4-21 show that for Base A, there were no significant 
differences in the mean dynamic modulus at lower temperatures (14, 40 and 70℉) with 
exception of 0.1 Hz. at 70℉. The production from both the contractors had variability at 
higher temperatures. The variability occurred when there is low frequency at 100℉ and 
higher frequency at 130℉.  
Both the contractors had similarity in Intermediate B and Intermediate C mix types 
except for the variation at 130℉. The similarity in the dynamic modulus value can be 
attributed to the similar gradation and same binder grade for both the mixes irrespective of 
different source of aggregates. The higher #4 in Contractor 1 could possibly increase the 
dynamic modulus causing the variability. 
Surface B was consistent at higher frequencies with high variability at the higher 
temperatures. The dynamic modulus at 100 and 130℉ was almost double the value for 
Contractor 1 than the Contractor 2. The reason could be the presence of higher #4 and 
higher aged binder.  
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The mean of dynamic modulus for Surface C was very consistent with no 
significant difference between the contractors across all temperature and frequencies. 
 
Table 4-21: Variability of MEPDG input (|E*|) in contractor for a given mix 
  Frequency (Hz) 
Mix Temperature (℉) 0.1 1 2 5 10 25 
Base A 14 NS NS NS NS NS NS 
Base A 40 NS NS NS NS NS NS 
Base A 70 S NS NS NS NS NS 
Base A 100 S S S NS NS NS 
Base A 130 NS NS S S S S 
INTB 14 NS NS NS NS NS NS 
INTB 40 NS NS NS NS NS NS 
INTB 70 NS NS NS NS NS NS 
INTB 100 NS NS NS NS NS NS 
INTB 130 NS NS NS NS NS NS 
INTC 14 NS NS NS NS NS NS 
INTC 40 NS NS NS NS NS NS 
INTC 70 NS NS NS NS NS NS 
INTC 100 NS NS NS NS NS NS 
INTC 130 S S S S S S 
STB 14 NS NS NS NS NS NS 
STB 40 NS NS NS NS NS NS 
STB 70 S NS NS NS NS NS 
STB 100 S S S S S NS 
STB 130 NS S S S S S 
STC 14 NS NS NS NS NS NS 
STC 40 NS NS NS NS NS NS 
STC 70 NS NS NS NS NS NS 
STC 100 NS NS NS NS NS NS 
STC 130 NS NS NS NS NS NS 
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4.3.2. Variability of MEPDG input in mix types for a given contractor 
 
The same five different mix types (Base A, Intermediate B, Intermediate C, Surface 
B, Surface C) were compared to study the variability in fitted dynamic modulus obtained 
from the master curves when used as an input in the Pavement ME. The hypothesis was to 
check (Base A = Intermediate B = Intermediate C = Surface B = Surface C) for each 
contractor at a particular temperature. The mean of the dynamic modulus of each mix type 
produced from the plants were compared at each temperature to find any similarities within 
a given contractor. 
Table 4-22 and Table 4-23 shows the variation in mix types for each contractor at 
different temperatures. From the tables it can be seen that there are similar behaviors in the 
mix at 70, 100 and 130℉. At lower frequencies, all mixes from both the contractors 
behaves in a similar manner. At 70℉ on increasing frequency, the similarity between Base 
A and Intermediate mix disappears and all the other mix types have less variability. At 
100℉ and lower frequencies, all the mixes have no difference. On higher frequencies, Base 
A had similarities with Intermediates and significant difference with Surface types. 
Intermediate and Surface had no difference. At 130℉ all mixes had very less variability. 
At 14 and 40℉, Contractor 1 had similarities between Base A and Intermediate 
mixes which was not the case in Contractor 2. It had only similarity between Base A and 
Intermediate C at low frequencies. Both contractors did not have similarities in Base A and 
Surface C at low temperature. 
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Table 4-22: Variability of MEPDG input (|E*|) in mix types for Contractor 1 
  Frequency (Hz) 
Temp (℉) Mix 0.1 1 2 5 10 25 
14 
Base A A A A A A A 
INTB A A A A A A 
INTC A B A B A B A B A A 
STB A B A B A B A B A B A B 
STC B B B B B B 
40 
Base A A A A A A A 
INTB A A A A A A 
INTC A B A B A B A B A B A B 
STB A B A B A B A B A B A B 
STC B B B B B B 
70 
Base A A A A A A A 
INTB A A B B B B 
INTC A A B A B A B A B B 
STB A A B B B B B 
STC A B B B B B 
100 
Base A A A A A A A 
INTB A A A A B A B A B 
INTC A A A A B A B A B 
STB A A A B B B 
STC A A A A B A B B 
130 
Base A A A A A A A 
INTB A A A A A A 
INTC A A A A A A 
STB A A A A A A 
STC A A A A A A 
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Table 4-23: Variability of MEPDG input (|E*|) in mix types for Contractor 2 
  Frequency (Hz) 
Temp (℉) Mix 0.1 1 2 5 10 25 
14 
Base A A A A A A A 
INTB B B B B B B 
INTC A B A B B B B B 
STB B B B B C B C B C 
STC B B B C C C 
40 
Base A A A A A A A 
INTB B B B B B B 
INTC A B A B A B B B B 
STB B B B B B B 
STC B B B B B B 
70 
Base A A A A A A A 
INTB A A B B B B B 
INTC A A B A B A B A B B 
STB A B B B B B 
STC A A B B B B B 
100 
Base A A A A A A A 
INTB A A A A B A B A B 
INTC A A A A B A B A B 
STB A A A B B B 
STC A A A A B A B A B 
130 
Base A A A A A A A 
INTB A A A A A A 
INTC A A A A A A 
STB A A A A A A 
STC A A A A A A 
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In summary, though there were differences in dynamic modulus on production day, 
mix types and contractor, the differences were insignificant after the generation of master 
curve. This indicates differences in dynamic modulus between the mixes of two different 
contractors were less significant when used as an input in the Pavement ME.  
When variability was checked for mix types, at higher temperatures, there were no 
significant differences between the contractors which means, the variability of mix types 
at temperatures 70℉ and beyond were similar for both the contractors. At low frequencies 
all the mix types had similar dynamic modulus value and the variability reduced on 
increasing temperature and frequency. 
Similarly, the variability between the contractors for a specific mix which was seen 
to be higher from the AMPT output reduced after fitting the dynamic modulus onto the 
master curve.  Intermediate B and Surface C exhibited no significant differences between 
the contractors. Intermediate C, Surface C and Base A had differences only at the highest 
temperature of 130℉. 
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CHAPTER FIVE 
SENSITIVITY ANALYSIS 
 
A sensitivity analysis was conducted to determine the influence of the dynamic 
modulus of the different mix types on the performance using the MEPDG. This was done 
by designing a full depth asphalt pavement using the mix types for a traffic class 4 and 
medium subgrade strength per the Asphalt Pavement Design Guide for Low-Volume Roads 
and Parking Lots (Jordan and Putman, 2016). In addition, the performance of the pavement 
structure having different thicknesses was also analyzed using the Pavement ME software. 
To evaluate the real impacts of mixture variability, specifically dynamic modulus, on the 
results of the MEPDG using Pavement ME, the dynamic modulus values from Table 4-2 
and Table 4-3 were used for the respective layers in the hypothetical pavement section 
Figure 5-1. The sensitivity of the pavement performance based on Pavement ME was 
evaluated by varying the mix type and contractor and comparing the results. The results 
from this analysis would help in understanding the pavement section as a whole and a 
comparison between the contractors could be made. 
Also, the performance of different mixes from both the contractors using the same 
traffic and climate conditions at different thickness was checked by varying the depth of 
asphalt from 2 inches to 20 inches at 2-inch increments. The result would be the prediction 
of pavement distress for a specific mix from both the contractors which would help us to 
understand the performance of a specific mix at various depths. 
 It should be noted that the global calibration factors were used, since the MEPDG 
has not been calibrated for South Carolina conditions yet.  
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Figure 5-1: Pavement section used in Pavement ME 
 
5.1. Pavement ME Input 
Analysis of pavement performance using Pavement ME requires three major 
inputs: traffic, climate and material properties. To make the comparison of the two 
contractors on an even basis, the traffic and climate data were made constant and only the 
material properties (|E*|, air voids, binder content, unit weight) were varied.  
5.1.1. Traffic Input 
 
The traffic class selected for the analysis was that for an Urban Principal Arterial 
since that is similar to the traffic class 4 from the SCAPA reference and this was also an 
appropriate roadway type for the mixtures studied in this research (Surface B, Surface C, 
Intermediate B and C and Base A). The traffic load spectrum for the road classification 
selected was obtained from the PerRoad perpetual road design software. The Average 
Annual Daily Traffic was assumed to be 20,000 and out which 20% (4000) was assumed 
to be truck traffic, which is a reasonable assumption for an Urban Arterial. Table 5-1 shows 
the traffic input that was used for the analysis and Table 5-2 shows the number of axles per 
4½ in 
3 in 
2½ in 
Subgrade 
Asphalt Surface Course 
Asphalt Intermediate Course 
Asphalt Base Course 
∞ 
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truck for each vehicle class. A 4-lane road with 2 lanes in each direction, 50% of trucks in 
design direction and 90% of trucks travelling at 60 mph in the design lane was assumed. 
 
Table 5-1: Traffic Input for Sensitivity Analysis 
Vehicle Class AADTT Distribution (%) Growth Factor Rate (%) Function 
Class 4 4.2 4 Linear 
Class 5 20.8 4 Linear 
Class 6 7.3 4 Linear 
Class 7 1.0 4 Linear 
Class 8 11.5 4 Linear 
Class 9 46.9 4 Linear 
Class 10 2.1 4 Linear 
Class 11 3.1 4 Linear 
Class 12 1.0 4 Linear 
Class 13 2.1 4 Linear 
 
 
Table 5-2: Number of axles per truck 
Vehicle Class Single Axle Tandem Axle Tridem Axle Quad Axle 
Class 4 1.62 0.39 0.00 0 
Class 5 2.00 0.00 0.00 0 
Class 6 1.02 0.99 0.00 0 
Class 7 1.00 0.26 0.83 0 
Class 8 2.38 0.67 0.00 0 
Class 9 1.13 1.93 0.00 0 
Class 10 1.19 1.09 0.89 0 
Class 11 4.29 0.26 0.06 0 
Class 12 3.52 1.14 0.06 0 
Class 13 2.15 2.13 0.35 0 
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5.1.2. Climate Input  
The Pavement ME software uses climatic stations located at various places across 
the country that serves as climatic data sources providing annual statistics for Mean Annual 
Air Temperature, Mean Annual Precipitation, Freezing Index, Average Annual Number of 
Freeze/Thaw Cycles. The software lists a series of stations closer to the area of interest and 
lets the user select one particular station for climatic data. The selected station for the 
current analysis is US,GA from the state of Georgia with location co-ordinates 34.50000 / 
-83.12500 / 68 (latitude/longitude/elevation). Table 5-3 shows the annual statistics for the 
selected climatic station. 
Table 5-3: Climate Input for Sensitivity Analysis 
Parameters  
Mean Annual Air Temperature (℉) 59.67 
Mean Annual Precipitation (in) 53.07 
Freezing Index (℉-days) 38.69 
Average Annual Number of Freeze/Thaw Cycles 55.43 
Water Table (ft) 10.00 
 
5.1.3. Material Input   
 
Input for material includes the layers of the pavement and physical properties of 
each layer of the pavement section. The pavement section is composed of 3 layers; an 
asphalt layer of 4.5 in, a non-stabilized aggregate base of 6 in and a natural subgrade of 
infinite thickness. The physical properties of the materials included the properties of 
aggregate, asphalt and binder. The general asphalt property of each mix from both the 
contractors that were used for analyzing the pavement performance is given below in Table 
5-4. 
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Table 5-4: Asphalt Properties Input for Sensitivity Analysis 
Contractor Mix Type Air voids 
(%) 
Binder 
Content by 
volume (%) 
Unit weight 
(pcf) 
Contractor 1 
Base A 7.00 9.52 146.50 
Intermediate B 6.81 9.55 146.38 
Intermediate C 6.80 9.89 145.60 
Surface B 6.94 10.98 144.88 
Surface C 6.91 11.67 143.96 
Contractor 2 
Base A 7.12 9.70 144.89 
Intermediate B 7.08 11.09 143.08 
Intermediate C 6.58 11.26 143.13 
Surface B 7.14 12.07 142.08 
Surface C 6.94 12.28 141.67 
 
The above properties along with the dynamic modulus values as shown in Table 
4-2 and Table 4-3 were used as inputs for the respective mix types in the software to 
analyze the pavement performance. Also, the binder data that is required for the Level 1 
input was obtained from the Dynamic Shear Rheometer (DSR) performed by the SCDOT. 
The results of the bitumen that were used as an input are given in Table 5-5.  
 
Table 5-5: Binder Input for Sensitivity Analysis 
Temperature (oF) Binder G* (Pa) Phase angle 𝜹𝜹 (deg) 
136.4 3460 85.4 
147.2 1510 86.9 
158.0 708 88.0 
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Based on these inputs, a new flexible pavement was analyzed for a design period 
of 20 years. The flexible pavement is a combination of all mix types collected from the 
plants. Table 5-6 presents the possible combinations of pavement sections analyzed using 
the software. 
Table 5-6: Trial pavement design designations 
 Trial Design 
 BBA1 BCA1 CBA1 CCA1 BBA2 BCA2 CBA2 CCA2 
Surface Course  B B C C B B C C 
Intermediate Course  B C B C B C B C 
Base Course  A A A A A A A A 
Contractor 1 1 1 1 2 2 2 2 
 
5.2. Pavement ME Output 
Once the necessary inputs were provided to the software, the performance of the 
pavement was calculated based on the in-built calculations and the output was generated. 
The distress prediction models provide the following output: 
• Terminal IRI (in/mile) 
• Permanent deformation, total (in) 
• AC bottom up fatigue cracking (% lane area) 
• AC thermal cracking  (ft/mile) 
• AC top down fatigue cracking  (ft/mile) 
• Permanent deformation, AC only (in) 
The output was generated based on the reliability factor given (90%) and also at 
50% reliability. Each and every distress criterion was specified a threshold value based on 
which the success or failure of the pavement section is identified. The output generated for 
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the pavement section as a whole and also for specific mix type from both contractors are 
analyzed in the following section. 
The predicted distress results from the Pavement ME models are included in Table 
5-7 to compare the different mix types from both contractors. 
 
Table 5-7: Differences in pavement performance 
Design IRI (in/mi) 
AC Rutting 
(in) 
Total 
Rutting 
(in) 
Bottom Up 
cracking 
(% lane 
area) 
Top Down 
cracking 
(ft/mi) 
Thermal 
cracking 
(ft/mi) 
BBA1 139 0.06 0.23 1.53 402 790 
BCA1 139 0.06 0.23 1.55 413 773 
CBA1 140 0.07 0.24 1.55 410 908 
CCA1 140 0.08 0.24 1.60 434 908 
BBA2 142 0.09 0.26 1.70 527 933 
BCA2 142 0.09 0.26 1.69 530 1046 
CBA2 142 0.09 0.25 1.69 491 1090 
CCA2 142 0.08 0.25 1.68 487 1090 
 
The results show that the pavement section made with asphalt mix from Contractor 
1 generally performed better than from Contractor 2, but the results were still well below 
the typical maximum target values. There was no significant effect of changing the mix 
type (e.g., Surface B for Surface C or Intermediate C for Intermediate B) on the output, 
when the surface or intermediate courses were interchanged. This could indicate that there 
may only be a need for one surface course mix design and one intermediate course design 
in the design catalog for a given aggregate source (or contractor), however, these results 
are still preliminary. 
The results for the performance of specific mix type at different thicknesses from 
both the contractors are discussed in the following sections. 
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5.2.1. Base A 
 
Based on the output obtained for the Base A mix, it was found that the mix from 
Contractor 1 performed much better than that from Contractor 2. For the given climate and 
traffic input, a full depth asphalt layer of 6 inches from Contractor 1 was sufficient whereas 
Base A mix from Contractor 2 was failing until 12 inches and the specified reliability was 
met only at 14 inches. The results of both the contractors at various asphalt thickness are 
given in Table 5-8.  
From Table 5-8, it can be seen that the performance of a full depth asphalt made 
entirely with Base A mix from Contractor 1 performed better compared to Contractor 2. 
The mix from Contractor 2 showed a large amount of thermal cracking up to 12 inches 
thick. Higher dynamic modulus values at lower temperatures could make the asphalt stiff 
and might cause cracks due to shrinkage. There were signs of severe bottom up cracking 
and AC layer rutting at 4 inches. Both mixes showed severe bottom up cracking at lower 
thicknesses that reduced considerably at higher thicknesses. The comparison of both 
contractors in terms of their performance can be seen in Figure 5-2. 
. 
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Table 5-8: Pavement performance for Base A mix type (values in red exceed the default 
threshold) 
Asphalt 
Thickness 
(in) 
Contractor Terminal 
IRI  
(in/mile) 
Permanent 
deformation 
(in) 
AC 
bottom 
up fatigue 
cracking 
(% lane 
area) 
AC 
thermal 
cracking 
(ft/mile) 
AC top 
down 
fatigue 
cracking 
(ft/mile) 
Permanent 
deformation 
AC layer 
only 
(in) 
2 Contractor 1 156.36 0.57 19.13 774.65 1006.80 0.20 
Contractor 2 177.22 0.61 19.00 3197.38 1014.97 0.24 
4 Contractor 1 152.5 0.45 24.01 514.99 4165.10 0.17 
Contractor 2 170.33 0.52 25.15 2301.09 4200.17 0.25 
6 Contractor 1 144.21 0.36 2.94 468.94 2782.28 0.14 
Contractor 2 157.17 0.44 4.70 1639.22 3172.58 0.21 
8 Contractor 1 141.61 0.32 1.79 453.91 1386.86 0.13 
Contractor 2 152.09 0.39 2.30 1352.40 2109.19 0.20 
10 Contractor 1 139.91 0.28 1.51 449.51 542.46 0.12 
Contractor 2 148.63 0.35 1.62 1195.21 773.84 0.18 
12 Contractor 1 138.24 0.25 1.46 446.73 330.51 0.09 
Contractor 2 145.49 0.30 1.49 1076.62 450.04 0.14 
14 Contractor 1 136.43 0.20 1.45 445.29 259.67 0.06 
Contractor 2 142.30 0.24 1.45 984.24 276.60 0.09 
16 Contractor 1 135.93 0.19 1.45 443.41 256.91 0.07 
Contractor 2 141.21 0.23 1.45 909.78 246.69 0.10 
18 Contractor 1 135.51 0.18 1.45 442.58 259.15 0.07 
Contractor 2 140.37 0.22 1.45 857.38 280.77 0.10 
20 Contractor 1 135.15 0.17 1.45 441.97 264.71 0.07 
Contractor 2 139.63 0.21 1.45 809.12 308.03 0.10 
Threshold  172.00 0.75 25.00 1000.00 2000.00 0.25 
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Figure 5-2: Performance comparison of Base A mix between the contractors 
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5.2.2. Intermediate B 
 
The Intermediate B mix type had a similar trend as the Base A mix. The amount of 
pavement distress decreased as the thickness increased. On analyzing the pavement 
sections using the Intermediate B mixes, it was found that the predominant distress for 
Contractor 1 was thermal cracking and top down cracking, whereas Contractor 2 had AC 
layer rutting and top down cracking as the predominant distresses. The distress values are 
given in Table 5-9 and the comparison of the mix performance between the contractors 
mixes are shown in Figure 5-3. 
 
Table 5-9: Pavement performance for Intermediate B mix type 
Asphalt 
Thickness 
(in) 
Contractor Terminal 
IRI  
(in/mile) 
Permanent 
deformation 
(in) 
AC 
bottom 
up fatigue 
cracking 
(% lane 
area) 
AC 
thermal 
cracking 
(ft/mile) 
AC top 
down 
fatigue 
cracking 
(ft/mile) 
Permanent 
deformation 
AC layer 
only 
(in) 
2 
  
Contractor 1 169.53 0.57 18.46 2452.77 966.11 0.20 
Contractor 2 158.87 0.65 14.27 778.79 842.21 0.28 
4 
  
Contractor 1 156.97 0.45 22.45 1173.15 3953.5 0.18 
Contractor 2 156.57 0.59 20.99 502.04 3752.62 0.31 
6 
  
Contractor 1 146.65 0.37 2.42 774.65 2684.48 0.14 
Contractor 2 150.22 0.50 2.84 467.01 3155.6 0.28 
8 
  
Contractor 1 142.57 0.32 1.69 568.91 1336.72 0.13 
Contractor 2 147.34 0.45 1.93 452.87 2308.02 0.26 
10 
  
Contractor 1 140.71 0.28 1.49 541.61 522.07 0.12 
Contractor 2 144.87 0.40 1.55 448.32 956.42 0.23 
12 
  
Contractor 1 138.84 0.25 1.46 515.56 326.12 0.10 
Contractor 2 142.22 0.34 1.47 446.4 510.85 0.18 
14 
  
Contractor 1 136.92 0.20 1.45 502.59 259.5 0.07 
Contractor 2 139.17 0.27 1.45 444.6 337.08 0.12 
16 
  
Contractor 1 136.27 0.19 1.45 481.76 256.94 0.07 
Contractor 2 138.68 0.26 1.45 442.98 279.58 0.12 
18 
  
Contractor 1 135.79 0.18 1.45 473.77 259.18 0.07 
Contractor 2 138.26 0.25 1.45 442.26 311.01 0.13 
20 
  
Contractor 1 135.39 0.18 1.45 467.97 264.62 0.07 
Contractor 2 137.89 0.24 1.45 441.74 356.24 0.13 
Threshold   172 0.75 25 1000 2000 0.25 
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Figure 5-3: Performance comparison of Intermediate B mix between the contractors 
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From Table 5-9, it can be seen that mixes from both contractors had severe top 
down fatigue cracking at asphalt thicknesses up to 8 inches. Contractor 2 had asphalt layer 
rutting in pavement up to 8 inches thick whereas Contractor 1 did not show signs of rutting. 
It was also noted that the mix from Contractor 1 was prone to thermal cracking and 
Contractor 2 values were well within the threshold value. The result of having higher 
dynamic modulus values at lower temperatures could be accounted for thermal cracking 
which was seen in the Base A mix. The rutting behavior for Contractor 2 mixes could be 
due to the higher binder content (11.09% volume as compared to 9.55% volume from 
Contractor 1) and the high amount of aggregate passing the No. 4 and No. 8 sieves (57% 
and 47%, respectively as compared to 48% and 32% from Contractor 1).   
5.2.3. Intermediate C 
 
As expected, the distress values decreased as asphalt thickness increased. This trend 
is similar to Base A and Intermediate B mixes. As opposed to thermal cracking 
predominant in Intermediate B mix, Intermediate C had top-down fatigue cracking and 
rutting issues. The distress values as identified by the Pavement ME models for 
Intermediate C mix are given in Table 5-10.  
From Figure 5-3 and Figure 5-4 the trend of the distress values for the Intermediate 
mixes were similar except thermal cracking. The Contractor 1 mix had a higher thermal 
cracking value at low AC thickness which flattened beyond 16 inches. On comparing the 
other distress values, Contractor 1 mixes performed better. 
 
 
85 
 
 
Table 5-10: Pavement performance for Intermediate C mix type 
Asphalt 
Thickness 
(in) 
Contractor Terminal 
IRI  
(in/mile) 
Permanent 
deformation 
(in) 
AC 
bottom 
up fatigue 
cracking 
(% lane 
area) 
AC 
thermal 
cracking 
(ft/mile) 
AC top 
down 
fatigue 
cracking 
(ft/mile) 
Permanent 
deformation 
AC layer 
only 
(in) 
2 
  
Contractor 1 156.93 0.59 17.62 789.91 919.68 0.22 
Contractor 2 157.98 0.64 8.06 759.47 744.25 0.27 
4 
  
Contractor 1 152.86 0.48 22.21 515.41 3942.26 0.20 
Contractor 2 154.55 0.57 16.31 511.69 3390.15 0.29 
6 
  
Contractor 1 145.65 0.40 2.66 472.95 2878.15 0.17 
Contractor 2 149.09 0.48 1.91 471.98 2839.8 0.26 
8 
  
Contractor 1 142.97 0.35 1.76 456.95 1666.52 0.16 
Contractor 2 146.35 0.43 1.62 456.66 2004.32 0.24 
10 
  
Contractor 1 141.10 0.31 1.51 451.35 610.87 0.14 
Contractor 2 144.16 0.39 1.48 451.08 730.22 0.21 
12 
  
Contractor 1 139.21 0.27 1.46 447.94 365.53 0.12 
Contractor 2 141.68 0.33 1.46 448.27 436.10 0.17 
14 
  
Contractor 1 137.10 0.22 1.45 445.19 262.08 0.08 
Contractor 2 138.81 0.26 1.45 446.01 292.05 0.11 
16 
  
Contractor 1 136.61 0.21 1.45 444.19 257.91 0.08 
Contractor 2 138.31 0.25 1.45 444.12 267.88 0.12 
18 
  
Contractor 1 136.19 0.20 1.45 443.16 262.68 0.08 
Contractor 2 137.88 0.24 1.45 443.22 285.81 0.12 
20 
  
Contractor 1 135.83 0.19 1.45 442.45 272.61 0.08 
Contractor 2 137.53 0.23 1.45 442.47 314.20 0.12 
Threshold   172 0.75 25 1000 2000 0.25 
 
 
As seen in the Intermediate B mix, similar pattern was observed in Intermediate C. 
Mix from both Contractor 1 and Contractor 2 had severe top down fatigue cracking.  Also, 
mix from Contractor 2 had asphalt layer rutting issues. Higher binder content (11.26% 
volume as compared to 9.89% volume from Contractor 1) could possibly be a cause for the 
rutting issue. Also, mix from Contractor 1 performed better, which can be seen in the 
pavement performance table. One common trend that is seen in all the mix is that the 
bottom up cracking is not sensitive to thickness of the pavement. The bottom up cracking 
for all the mixes flattens at 12 inches. 
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Figure 5-4: Performance comparison of Intermediate C mix between the contractors 
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5.2.4. Surface B 
 
The severity of AC layer rutting is relatively high in Surface B when compared to 
all other mix types. All other distress was well within the permissible limit except the top 
down fatigue cracking for both the contractors and AC layer rutting for Contractor 2. The 
top down cracking was seen even at 8 inches of asphalt. Table 5-11 shows the summary of 
the distress values. 
 
Table 5-11: Pavement performance for Surface B mix type 
Asphalt 
Thickness 
(in) 
Contractor Terminal 
IRI  
(in/mile) 
Permanent 
deformation 
(in) 
AC 
bottom 
up fatigue 
cracking 
(% lane 
area) 
AC 
thermal 
cracking 
(ft/mile) 
AC top 
down 
fatigue 
cracking 
(ft/mile) 
Permanent 
deformation 
AC layer 
only 
(in) 
2 
  
Contractor 1 158.02 0.60 14.20 924.94 819.68 0.23 
Contractor 2 158.50 0.67 8.81 653.30 767.02 0.30 
4 
  
Contractor 1 152.66 0.49 19.42 563.26 3660.66 0.22 
Contractor 2 157.24 0.62 18.16 505.49 3515.58 0.35 
6 
  
Contractor 1 146.29 0.41 2.08 500.11 2781.28 0.18 
Contractor 2 151.71 0.54 2.22 469.66 3072.63 0.31 
8 
  
Contractor 1 143.58 0.36 1.64 471.15 1658.06 0.17 
Contractor 2 148.82 0.49 1.75 455.99 2332.72 0.29 
10 
  
Contractor 1 141.68 0.32 1.48 460.40 596.57 0.15 
Contractor 2 146.23 0.44 1.51 450.81 1044.34 0.26 
12 
  
Contractor 1 139.68 0.28 1.45 454.75 365.43 0.12 
Contractor 2 143.31 0.37 1.46 447.24 524.64 0.21 
14 
  
Contractor 1 137.43 0.23 1.45 451.69 262.3 0.08 
Contractor 2 139.90 0.29 1.45 445.37 400.8 0.14 
16 
  
Contractor 1 136.94 0.22 1.45 449.01 258.33 0.09 
Contractor 2 139.41 0.28 1.45 444.16 291.94 0.14 
18 
  
Contractor 1 136.51 0.21 1.45 447.05 263.69 0.09 
Contractor 2 138.99 0.27 1.45 443.15 333.17 0.14 
20 
  
Contractor 1 136.15 0.2 1.45 445.71 274.67 0.09 
Contractor 2 138.62 0.26 1.45 442.44 389.05 0.14 
Threshold   172 0.75 25 1000 2000 0.25 
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Figure 5-5: Performance comparison of Surface B mix between the contractors 
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On comparing the dynamic modulus values between the contractors, Contractor 1 
had a higher modulus value making it stiffer and less susceptible to rutting. Also, lower 
dynamic modulus values with increased binder content (12.07% volume for Contractor 2 
as opposed to 10.98% for Contractor 1), the AC layer rutting for Contractor 2 was found 
to be higher. Apart from these differences, the values for other distresses were similar for 
both the contractors which can be seen in the Figure 5-5. 
 
5.2.5. Surface C 
 
Surface C showed similar behavior as the Intermediate B with the mix from 
Contractor 1 showing signs of thermal cracking and Contractor 2 having rutting failures. 
The distress values for Surface C mix type is shown in Table 5-12. 
Looking at the dynamic modulus values from Table 4-2 and Table 4-3 it can be 
seen that the values at higher temperature for Contractor 1 were almost double the values 
of Contractor 2 making it a stiff mix and resist rutting failures. On the other hand, the 
Contractor 2 mix tended to be more viscous and prone to rutting failures. Possible failure 
of Contractor 1 mix due to thermal cracking may be due to lower dynamic modulus values 
at 14℉. Permanent deformation and bottom up cracking values were consistent with other 
mixes from the respective contractors. 
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Table 5-12: Pavement performance for Surface C mix type 
Asphalt 
Thickness 
(in) 
Contractor Terminal 
IRI  
(in/mile) 
Permanent 
deformation 
(in) 
AC 
bottom 
up fatigue 
cracking 
(% lane 
area) 
AC 
thermal 
cracking 
(ft/mile) 
AC top 
down 
fatigue 
cracking 
(ft/mile) 
Permanent 
deformation 
AC layer 
only 
(in) 
2 
  
Contractor 1 173.23 0.62 9.57 2769.92 754.67 0.25 
Contractor 2 157.48 0.65 5.90 651.92 715.99 0.28 
4 
  
Contractor 1 162.20 0.52 17.42 1659.9 3506.63 0.24 
Contractor 2 154.84 0.58 15.18 494.45 3352.64 0.30 
6 
  
Contractor 1 153.38 0.44 1.96 1213.14 2830.05 0.21 
Contractor 2 149.70 0.50 1.88 463.56 2866.66 0.27 
8 
  
Contractor 1 148.88 0.39 1.62 967.69 1838.25 0.20 
Contractor 2 146.96 0.45 1.61 452.20 2061.17 0.25 
10 
  
Contractor 1 146.08 0.35 1.48 864.28 647.31 0.18 
Contractor 2 144.72 0.40 1.48 447.71 792.00 0.22 
12 
  
Contractor 1 143.19 0.30 1.45 773.26 396.60 0.14 
Contractor 2 142.11 0.34 1.45 445.75 450.04 0.18 
14 
  
Contractor 1 140.30 0.24 1.45 720.86 265.13 0.10 
Contractor 2 139.12 0.27 1.45 444.09 300.33 0.12 
16 
  
Contractor 1 139.51 0.23 1.45 683.64 260.06 0.10 
Contractor 2 138.61 0.26 1.45 442.81 269.78 0.12 
18 
  
Contractor 1 138.80 0.22 1.45 647.79 268.62 0.10 
Contractor 2 138.19 0.25 1.45 442.14 289.98 0.12 
20 
  
Contractor 1 138.25 0.21 1.45 622.97 284.30 0.10 
Contractor 2 138.83 0.24 1.45 441.61 320.62 0.13 
Threshold   172 0.75 25 1000 2000 0.25 
 
From Figure 5-5 and Figure 5-6, it can inferred that the trend and values of the 
distress for Surface B and Surface C mixes were similar. The primary reason for the 
similarity could be the similarity in mixes which was shown in the study of variability 
between the contractors for the surface mixes. The major difference was seen in the AC 
layer rutting of Surface B mix which can be attributed to the higher binder content of 
Contractor 2 which compliments the variability of both the contractors at higher 
temperatures (100 and 130℉) across all frequencies. 
 
 
91 
 
0
20
40
60
80
100
120
140
160
180
0 2 4 6 8 10 12 14 16 18 20
Te
rm
in
al
 IR
I (
in
/m
ile
)
Thickness (in)
0
200
400
600
800
1000
1200
0 2 4 6 8 10 12 14 16 18 20
A
C
 T
he
rm
al
 c
ra
ck
in
g 
(ft
/m
ile
)
Thickness (in)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 2 4 6 8 10 12 14 16 18 20
Pe
rm
an
en
t d
ef
or
m
at
io
n 
(in
)
Thickness (in)
0
5
10
15
20
25
30
0 2 4 6 8 10 12 14 16 18 20
A
C
 B
ot
to
m
 U
p 
fa
tig
ue
 (%
 la
ne
 a
re
a)
Thickness (in)
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0 2 4 6 8 10 12 14 16 18 20
Pe
rm
an
en
t d
ef
or
m
at
io
n 
A
C
 o
nl
y 
(in
)
Thickness (in)
0
500
1000
1500
2000
2500
3000
3500
4000
4500
0 2 4 6 8 10 12 14 16 18 20
A
C
 T
op
 d
ow
n 
fa
tig
ue
 c
ra
ck
in
g 
(ft
/m
ile
)
Thickness (in)
Contractor 1
Contractor 2
Threshold
Figure 5-6: Performance comparison of Surface C mix between the contractors 
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From the pavement performance difference table, it can be clearly seen that the 
performance of Contractor 1 was relatively better than Contractor 2. Contractor 1 had less 
distress as compared to Contractor 2—differences that seen evidently in thermal cracking 
distress. These results were in correlation with the mix specific sensitivity analysis where 
mix from Contractor 1 had less distress at different thickness. This indicates that pavements 
made with mix from Contractor 1 could have lower thickness. But on the whole, the 
difference in performance was insignificant. The trends for mixes for pavements made with 
mixes from both contractors were similar and the distress values flatten out at 12 inches 
for all the mix types. Also, identical values were seen for bottom up and thermal cracking 
for both the contractors. 
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CHAPTER SIX 
SUMMARY, CONCLUSION AND RECOMMENDATION 
 
6.1. Summary 
The following section includes the summary of the results from the statistical 
analysis of dynamic modulus from the AMPT tests and MEPDG inputs. The statistical 
analysis included the variability of dynamic modulus with respect to production day, mix 
types and contractors from two different contractors namely Contractor 1 and Contractor 
2. Also, the analysis of pavement performance due to variability in the MEPDG input for 
both the contractors were discussed.  
 
6.1.1. Statistical Analysis  
 
One-way ANOVA was conducted on the dynamic modulus obtained directly from 
AMPT as well as the fitted dynamic modulus values obtained from the Hirsch prediction 
model. The main objective of the statistical analysis was to account the variability of 
dynamic modulus for the following conditions 
i. Variability in production day for a given mix and for a given contractor 
ii. Variability between contractor for a given mix 
iii. Variability between mix types for a given contractor 
The results of the analysis helped to determine if significant differences existed 
between the dynamic modulus values for the days of production, between the contractors 
producing the mix and within the mix of a given contractor. The main objective behind 
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conducting the statistical analysis was to quantify the effect of variability of dynamic 
modulus on the pavement performance.  
6.1.2. Pavement Performance 
 
Once the variability of dynamic modulus between the contractors was established, 
it was used as the Level 1 input in the AASHTOWare Pavement ME software to compute 
the distresses that would occur to a pavement section over the years.  To have consistency 
between the contractors, the input parameters were kept constant except the material 
properties of the asphalt. The constant input parameters were traffic, climate and pavement 
section. The traffic class selected was the urban principal arterial and a climate data 
representing the Clemson area was chosen.  The pavement section was composed of three 
layers; a full depth asphalt layer of 4.5 in, a non-stabilized aggregate base of 6 in and a 
natural subgrade of infinite thickness. The asphalt layer was the mix type produced by the 
contractors and the dynamic modulus for the mix types obtained from the master curve 
derived from the Hirsch model was used as Level 1 input. The section was run each time 
with different mix type and its corresponding dynamic modulus value, and the pavement 
performance was studied. 
A sensitivity analysis was also carried out by keeping all the other values constant 
and by varying only the asphalt thickness. The thickness of the asphalt layer was varied 
from 2 inches to 20 inches with 2 inch increments (9 increments). The distress values 
obtained from the software were then plotted against the thickness for each contractor.  
This helped to make comparisons between the contractors on the basis of variability in 
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dynamic modulus values and asphalt properties (binder content, air voids, aggregate 
gradation, etc.). 
6.2. Conclusions 
 
Based on the results of this preliminary study which included analysis of dynamic 
modulus and comparison of pavement performance, the following conclusions have been 
drawn:  
Analysis of Dynamic Modulus Values 
 
The general trend of decreasing dynamic modulus with increasing test temperature 
under constant frequency was noted. Also, for a given temperature, the dynamic modulus 
increased as the testing frequency increased, as seen in other studies (Ali et al., 2016; Clyne 
et al., 2003; Flintsch et al., 2008).  
The mean dynamic modulus grouped by production day for a specific mix type 
from Contractor 1 was found to be higher than the mean dynamic modulus grouped by 
specimen and production for a specific mix type from Contractor 2. 
The reason for higher dynamic modulus values from Contractor 1 can be attributed 
to the source of the aggregate. Aggregates from Liberty were found to have higher dynamic 
modulus than the aggregates from the Jefferson quarry. 
The difference in dynamic modulus values between the contractors were lower at 
lower temperatures and increased considerably at higher temperatures. It was noted that 
the difference was highest for the Intermediate B mix at higher temperatures (lower 
frequency). The difference could directly be associated to the aggregate source and aged 
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binder content since other properties like gradation, binder content, air voids were similar 
to each other.  
 
Statistical Analysis of AMPT Results 
 
Contractor 1 had consistent dynamic modulus values in the production for 
Intermediate B and Surface B whereas Contractor 2 had consistency in Base A and Surface 
C.  
As expected, both contractors had no significant differences between their Surface 
and Intermediate mix types. At reference temperature, Intermediate C from Contractor 1 
had similarities between all mix types. Both Intermediate mixes did not have any 
significant difference with the base mix at lower temperatures. At higher temperatures, 
however, the values were similar to its surface mix. This contrasted with the other 
contractor where at lower temperature, Intermediate mixes were similar to Surface mix and 
had similar values to Base mix at higher temperature. 
At reference temperature, Contractor 2 had very consistent values across all the mix 
types which was not the case with Contractor 1. The highest variability across the mixes 
were seen at 70℉ for Contractor 1. 
When contractors were compared on the variability of mix types, there were 
significant differences in both the Intermediate mixes. Very little similarity was seen in 
Base A and Surface B mix and only at lower temperatures. There were significant 
differences in all the mixes at higher temperatures. 
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Statistical Analysis of MEPDG Input 
 
Major observation was seen in the variability of dynamic modulus values when 
used as an input parameter in Pavement ME. High variability from the AMPT results were 
seen insignificant after the development of master curves. This indicates that higher 
variability from the AMPT became insignificant when used as Level 1 input for predicting 
the pavement performance. 
There was less variability between contractors for Intermediate B, Intermediate C 
(except at 130℉) and Surface C mixes. Base A and Surface B had significant differences 
and were significantly different between contractors. Also, the variability was only seen at 
higher temperatures. 
From the mix type variability, it was concluded that at higher temperatures, the 
variability between the mixes reduced considerably and all mix types had similar mean 
dynamic modulus. For lower frequencies at 70, 100, and 130℉ all the mixes had similar 
dynamic modulus values. At 40℉, there were differences in the values for both the 
contractors. 
There were no differences between the contractors which means, the variability of 
mix types at temperatures of 70℉ and beyond were identical for both the contractors. 
 
Pavement Performance 
 
While comparing the pavement distress results from Pavement ME, materials from 
Contractor 1 generally performed better than those from Contractor 2. 
The Pavement ME results did not show significant differences when surface or 
intermediate types were interchanged.  This indicates that there may not need to be a large 
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number of mixes in the mix design catalog to accompany the MEPDG calibration in South 
Carolina. 
From the distress comparison between the two contractors by mix type, it could be 
seen that Contractor 1 had less distress prediction than Contractor 2. Though the distress 
predicted was varied, the trend continued to be similar for both contractors. The greater the 
thickness of the pavement section, the lower the predicted distress.  
Contractor 1 had lower thermal cracking in Base A mix and Contractor 2 had lower 
thermal cracking in Intermediate B mix. Apart from this, the thermal cracking for all other 
mixes were identical for both the contractors. 
Trend in AC layer rutting was consistent across the mix with Contractor 1 having 
lower rutting than Contractor 2. At a depth of 8-10 inches for all the mixes, the rutting was 
below the threshold limit. 
Permanent deformation and bottom up cracking were well within the threshold limit 
for all the mix types and for both the contractors. 
All distress was within the threshold and begins to flatten at 12-14 inches for both 
the contractors. 
6.3. Recommendations for Future Research 
The scope of the research could further be extended to have asphalt mixes collected 
from different contractors across the state. Proposed contractors for further studies include 
The results of the Pavement ME in this research were conducted using the Global 
calibration factors. Collecting mixes from different contractors would enable the extension 
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of the existing catalog of master curves generated (Appendix). This would in turn help in 
the calibration of the MEPDG for South Carolina. 
The results from this research concluded that there could be only one Intermediate 
and one Surface type needed instead of type B and type C. This is based on the results 
analyzed from samples collected from two contractors. Samples from other contractors can 
be helpful to confirm the above conclusion.  
There are numerous prediction equations available for the prediction of dynamic 
modulus values. Comparison of prediction equation with that of the Hirsch model used in 
this research would help in validating the accuracy of the predicted values. 
From the variability of mix types between contractors, it was seen that there is no 
variability in dynamic modulus values for all mix types at 130℉. Analyzing the pavement 
performance at this temperature would eliminate the performance difference due to 
dynamic modulus value and would help in attributing the difference to other factors like 
aggregate source, gradation and binder properties.   
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APPENDIX A 
Job Mix Formula 
 
 
Figure A-1: Job mix formula for Base A, Contractor 1 
 
A2 
 
 
Figure A-2: Job mix formula for Intermediate B, Contractor 1 
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Figure A-3: Job mix formula for Intermediate C, Contractor 1 
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Figure A-4: Job mix formula for Surface B, Contractor 1 
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Figure A-5: Job mix formula for Surface C, Contractor 1 
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Figure A-6: Job mix formula for Base A, Contractor 2 
 
 
 
 
 
 
A7 
 
 
Figure A-7: Job mix formula for Intermediate B, Contractor 2 
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Figure A-8: Job mix formula for Intermediate C, Contractor 2 
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Figure A-9: Job mix formula for Surface B, Contractor 2 
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Figure A-10: Job mix formula for Surface C, Contractor 2 
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APPENDIX B 
Quality Control Reports 
 
Figure B-1: QC Report for Day 2 Base A, Contractor 1 
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Figure B-2: QC Report for Day 3 Base A, Contractor 1 
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Figure B-3: QC Report for Day 1 Intermediate B, Contractor 1 
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Figure B-4: QC Report for Day 2 Intermediate B, Contractor 1 
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Figure B-5: QC Report for Day 1 Intermediate C, Contractor 1 
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Figure B-6: QC Report for Day 2 Intermediate C, Contractor 1 
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Figure B-7: QC Report for Day 3 Intermediate C, Contractor 1 
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Figure B-8: QC Report for Day 1 Surface B, Contractor 1 
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Figure B-9: QC Report for Day 2 Surface B, Contractor 1 
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Figure B-10: QC Report for Day 3 Surface B, Contractor 1 
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Figure B-11: QC Report for Day 1 Surface C, Contractor 1 
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Figure B-12: QC Report for Day 2 Surface C, Contractor 1 
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Figure B-13: QC Report for Day 3 Surface C, Contractor 1 
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Figure B-14: QC Report for Day 1 Surface B, Contractor 2 
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Figure B-15: QC Report for Day 2 Surface B, Contractor 2 
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Figure B-16: QC Report for Day 3 Surface B, Contractor 2 
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Figure B-17: QC Report for Day 1 Intermediate B, Contractor 2 
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Figure B-18: QC Report for Day 2 Intermediate B, Contractor 2 
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Figure B-19: QC Report for Day 1 Base A, Contractor 2 
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Figure B-20: QC Report for Day 2 Base A, Contractor 2 
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Figure B-21: QC Report for Day 3 Base A, Contractor 2 
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APPENDIX C 
Binder Report 
 
Figure C-1: Superpave Binder at 58℃ 
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Figure C-2: Superpave Binder at 64℃ 
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Figure C-3: Superpave Binder at 70℃ 
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APPENDIX D 
Dynamic Modulus Master Curves 
 
 
Figure D-1: Master curve for Day 1 Base A, Contractor 1 
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Figure D-2: Master curve for Day 2 Base A, Contractor 1 
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Figure D-3: Master curve for Day 3 Base A, Contractor 1 
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Figure D-4: Master curve for Day 1 Intermediate B, Contractor 1 
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Figure D-5: Master curve for Day 2 Intermediate B, Contractor 1 
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Figure D-6: Master curve for Day 1 Intermediate C, Contractor 1 
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Figure D-7: Master curve for Day 2 Intermediate C, Contractor 1 
 
 
 
 
 
D8 
 
 
Figure D-8: Master curve for Day 3 Intermediate C, Contractor 1 
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Figure D-9: Master curve for Day 1 Surface B, Contractor 1 
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Figure D-10: Master curve for Day 2 Surface B, Contractor 1 
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Figure D-11: Master curve for Day 3 Surface B, Contractor 1 
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Figure D-12: Master curve for Day 1 Surface C, Contractor 1 
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Figure D-13: Master curve for Day 2 Surface C, Contractor 1 
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Figure D-14: Master curve for Day 3 Surface C, Contractor 1 
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Figure D-15: Master curve for Day 1 Base A, Contractor 2 
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Figure D-16: Master curve for Day 2 Base A, Contractor 2 
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Figure D-17: Master curve for Day 3 Base A, Contractor 2 
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Figure D-18: Master curve for Day 1 Intermediate B, Contractor 2 
 
 
 
 
 
D19 
 
 
Figure D-19: Master curve for Day 2 Intermediate B, Contractor  
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Figure D-20: Master curve for Day 3 Intermediate B, Contractor 2 
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Figure D-21: Master curve for Day 1 Intermediate C, Contractor 2 
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Figure D-22: Master curve for Day 2 Intermediate C, Contractor 2 
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Figure D-23: Master curve for Day 3 Intermediate C, Contractor 2 
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Figure D-24: Master curve for Day 1 Surface B, Contractor 2 
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Figure D-25: Master curve for Day 2 Surface B, Contractor 2 
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Figure D-26: Master curve for Day 3 Surface B, Contractor 2 
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Figure D-27: Master curve for Day 1 Surface C, Contractor 2 
 
 
 
 
 
D28 
 
 
Figure D-28: Master curve for Day 2 Surface C, Contractor 2 
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Figure D-29: Master curve for Day 3 Surface C, Contractor 2 
